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ABSTRACT 

The focus of this dissertation is the structure-property relationships of ternary 

intermetallic stannides and gallides.  We are interested in these compounds because of the wide 

range of physical properties they possess.  While investigating the Ln-Co-Sn system (Ln = 

lanthanide), we have synthesized single crystals that crystallize in the Yb3Rh4Sn13, Ho7Co6Sn23 

and the Tb5Rh6Sn18 structure types.  We observe the formation of a particular structure type 

depending on the size of the lanthanide present.  The aforementioned compounds all contain 

CoSn6 trigonal prisms, which create voids occupied by Ln and Sn polyhedral units.  We have 

also investigated the physical properties of these compounds to correlate the magnetic and 

transport phenomena observed.  To determine the role of magnetic transition metals in lanthanide 

gallium compounds we have explored the Ln-Fe-Ga system and synthesized single crystals of 

Ln4FeGa12 (Ln = Y, Tb, Dy, Ho and Er).  The structure consists of iron octahedra and face 

sharing rare-earth cuboctahedra (LnGa3). Magnetic susceptibility measurements performed on 

Yb4FeGa12 show magnetic ordering in the Fe octahedra, a feature not observed in the 

isostructural analogues with Tb, Dy, Ho and Er.  We have also synthesized single crystals of 

YbCoGa5 using gallium flux.  YbCoGa5 adopts the HoCoGa5 structure type which is made up of 

CoGa2 and YbGa3 structural units.  The synthesis of YbCoGa5 has filled a void in the LnCoGa5 

compounds by reported Yuri Grin.  We have also studied the single crystal structures of Ni1-

xCoxGa2S4 (x = 0, 0.2, 0.3, 0.5) and Ni0.9Mn0.1Ga2S4 to confirm composition and to study the role 

of doped Co and Mn in the two-dimensional antiferromagnet NiGa2S4. 
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CHAPTER 1.  INTRODUCTION 

1.1  Motivation 

The focus of our research is to study structure-property relationships in highly correlated 

electron systems.  These systems exhibit remarkable properties such as superconductivity, heavy 

fermion behavior, magnetoresistance and magnetic ordering.  The study of such systems is 

motivated by the discovery of bulk superconductivity in the compound CeCu2Si2.
1
  Before this 

discovery, it was assumed that superconductivity could not exist in compounds containing 

magnetic elements.  However, the superconductivity in CeCu2Si2 is magnetically mediated and 

the “heavy mass” observed in this compound is responsible for this phenomenon.  The 

coexistence of magnetism and superconductivity has also been studied in the heavy fermion 

compounds CenMIn3n+2 (n = 1, 2, ∞; M = Co, Ir and Rh).
2-7

  CeCoIn5, CeIrIn5 and Ce2CoIn8 

superconduct under ambient pressure while the Rh analogues CeRhIn5 and Ce2RhIn8 

superconduct under external pressure.   

Compounds that show heavy fermion behavior  usually adopt specific structure types 

including AuCu3, BaAl4 CaBe2Ge2, ThCr2Si2, HoCoGa5, Ho2CoGa8, LaFe4P12, and Yb3Rh4Sn13 

structure types.
8
  AuCu3 crystallizes in the cubic m3Pm  space group and consists of AuCu3 

cuboctahedra.  Several heavy fermion compounds also crystallize in variants of the AuCu3 

structure type.
8
  Among these are the HoCoGa5,

9
 Ho2CoGa8,

9
 Yb3Rh4Sn13,

10
 and the Y4PdGa12

11
 

structure types.  In his article „Fishing the Fermi Sea‟ Professor Canfield discusses targeting 

compounds that display exotic behavior by selecting specific elements to grow ternary phases.
12

  

For example, most heavy fermion compounds are formed by rare earth elements that display 

mixed valency such as Ce, Eu, Yb and U.  Thus, by combining the synthesis of specific structure 

types with rare-earth elements that have a tendency to display mixed valency, it is possible to 



2 

 

narrow the field of discovery of new heavy fermions.  Our expertise lies in the synthesis of high 

quality single crystals, which allow detailed studies of physical properties.  We are interested in 

ternary intermetallic compounds that contain Ln-M-X (Ln = lanthanide, M = magnetic transition 

metals Fe and Co, and X = Sn or Ga).  This study is motivated by the various Ln-Ln, M-M and 

Ln-M interactions observed in Co and Fe containing compounds.   

1.2  Crystal Growth  

One way of synthesizing intermetallic compounds is the use of an arc melter, radio 

frequency induction furnace, or traditional solid state routes.  The products formed by these 

methods may be stable binaries or polycrystalline ternary compounds.  The physical properties of 

some compounds are highly anisotropic ad hence the growth of single crystals are necessary for 

determination of intrinsic properties.  There is a growing need for the synthesis of bulk single 

crystalline compounds that can be used in the discovery and applications of new materials.
13

  Our 

groups‟ goal is to synthesize large singe crystals of ternary intermetallic compounds and to 

investigate their structure and physical properties.  This is achieved by the use of molten metals 

(fluxes), which enables the diffusion of constituent elements and can result in the growth of large 

single crystals of intermetallic compounds.
14

  In the syntheses reported in this dissertation, we 

employ Sn and Ga which melt at 504.9 K
15

 and 302.8 K,
15

 respectively.  During our synthesis we 

weigh out constituent elements in specific stoichiometric amounts usually with the flux elements 

in excess.  The elements are then placed in an alumina crucible, covered with quartz wool and 

sealed in an evacuated fused-silica tube.  The sample is then placed in a furnace and treated with 

a specific heating profile.  The sample is removed from the furnace above the melting point of 

the flux and inverted into a centrifuge.  The quartz wool serves as a sieve and separates the 

molten flux from synthesized crystals.  Excess flux is removed from the surface of the crystals 
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by etching in 6M HCl.  Excess Ga flux can also be removed using hot water.  Figure 1.1 shows 

photographs of some single crystals synthesized in our lab.   

 

 

 

 

 

 

 

 

 

 

 

 

 

The advantage of flux growth over arc melting and the use of an induction furnace is the 

possibility of tuning different parameters to achieve crystal formation.  These parameters may 

include ramp temperature/rate and dwell temperature/time, as well as stoichiometric amounts of 

constituent elements.  For example, during our exploration of the Yb-Co-Sn system, the major 

phase stabilized was binary CoSn2.  We discovered that by varying the amounts of the 

constituent elements from a 1:1:20 (Yb:Co:Sn) molar ratio to a 2:1:10 molar ratio, we were able 

to synthesize crystals of Yb3Co4Sn12.79.  Also, by increasing the dwell period from 24 h to 48 h, 

we were able to increase the percent yield of Yb3Co4Sn12.79 crystals.   

1.3 Mössbauer Spectroscopy 

In addition to standard solid-state characterization techniques, such as powder and single 

crystal X-ray diffraction, we also employed Mössbauer spectroscopy in the characterization of 

some of the compounds studied in this dissertation. Mössbauer spectroscopy is based on the 

recoil-free resonant absorption of -rays by the nuclei of a target element.
16

  In Mössbauer 

spectroscopy, the -ray source is traditionally a radioactive material containing a nuclide that 

decays to a nuclear excited state of the Mössbauer element.  In 
57

Fe Mössbauer spectroscopy, as 

 

Figure 1.1  Photographs of single crystals synthesized in our lab. (a) Tb4FeGa12 (b) 

Er5Co6Sn18 (c) Gd3Co4Sn13 and (d) YbCoGa5  
 

(a) (b) (c) (d) 
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is shown in Figure 1.2, the parent nuclide is 
57

Co, which decays into an excited state of 
57

Fe that 

emits an
57

Fe specific  ray.
17

  In Mössbauer spectroscopy, the energy scan is achieved through 

the Doppler shift of the -ray source, a shift that varies the -ray frequency and hence energy, by 

varying the source velocity relative to that of the absorber.  In 
57

Fe Mössbauer spectroscopy, the 

required velocity range is of the order of ± 10 mm/s. Figure 1.3(a) shows a schematic for 

measuring a Mössbauer spectrum and the resulting spectra (b).
18

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2  Nuclear decay scheme for the Mössbauer resonances in iron-57. 

Adapted from reference (13) 

 

 

 

  

Figure 1.3  (a) Schematic for measuring a Mössbauer spectrum (b) A typical iron-57 

quadrupole doublet Mössbauer spectrum. The isomer shift, , is the average of the 

velocity of the two absorption lines and the quadrupole splitting, EQ, is the 

difference in energy between the two lines, both expressed in mm/s. The isomer shift 

is given relative to -iron powder. 
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The hyperfine interactions between the nucleus and its environment lead to three basic types 

of Mössbauer spectra for 
57

Fe, the Mössbauer nuclide to which we restrict ourselves in this 

dissertation.  The first hyperfine interaction is the isomer shift, which originates in the finite size 

of the nucleus and the impact of the electrons on the nucleus.  The isomer shift moves the 

resonance line relative to zero velocity as shown in Figure. 1.3 (b) and is usually noted as  and 

is measured relative to a zero velocity assigned to the center of the -iron spectrum.   

The isomer shift is sensitive to the iron oxidation state and coordination number.  Hence, its 

measurement can used to determine oxidation state and to study mixed valence compounds and 

charge hopping.
16

 The second type of hyperfine interaction is the electric quadrupole interaction, 

which originates in the interaction between the nuclear quadrupole moment, i.e., the non-

sphericity of the 
57

Fe nuclear charge distribution, and the electric field gradient at the nucleus.
16

  

The quadrupole interaction leads to a doublet, as is shown in Fig. 1.3 (b) and indicates that the 

charge distribution around the iron nuclide is not spherical. The quadrupole interaction is 

measured by the doublet splitting and is usually noted, EQ. The third hyperfine interaction is the 

magnetic Zeeman splitting, which originates in the interaction between the 
57

Fe nuclear magnetic 

dipole moment and the magnetic field created internally by the electrons or applied externally.  

This interaction leads to a sextet whose overall splitting is proportional to the magnetic field 

experienced by iron, a field that is proportional to the iron magnetic moment.  Hence, it is 

possible to estimate the iron magnetic moment from a measure of the sextet splitting. 

1.4  Physical Properties  

The electrical resistivity (ρ) of a substance can be defined as: ρ = , where R = electrical 

resistance, A = cross sectional area and L = length of material.  The electrical resistivity of a 
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normal metal increases with an increase in temperature.
19

  The quality of a material can be 

determined by the residual resistivity ratio, which is the resistivity at 293 K divided by resistivity 

at low temperature.  Magnetoresistance (MR) is the change in electrical resistance in an applied 

field and is defined as MR (%) =   × 100, where ρH is the resistivity in an applied field (H) 

and ρ0 is the resistivity in the absence of a field.
19

  The typical MR% of a normal metal is < 10 % 

at 4 T.
20

 

 

 

 

 

 

Superconductivity is observed in a material when its resistivity drops to zero. The 

temperature at which this occurs is known as the critical temperature (Tc) of a superconductor.  

The superconducting state of a material can be destroyed by applying a magnetic field on the 

material until a critical field (Hc) is reached.  Figure 1.4a shows the field dependent 

magnetization for a Type I superconductor (soft).  At fields below Hc, magnetic lines of flux are 

screened from the superconducting sample.  The field dependent magnetization of a Type II 

superconductor (hard) is shown in Figure 1.4b.  Above Hc1 a vortex state is created where 

magnetic lines of flux are able to penetrate the sample, and the superconducting state is 

destroyed above Hc2.   

Magnetism in intermetallic compounds is associated with unpaired electrons.  Depending 

on the orientation of these unpaired electrons we can have paramagnetism (random spins), 

Figure 1.4   Field dependent magnetization M (H) of (a) a Type I superconductor, (b) a Type II 

superconductor.  
 

 



7 

 

antiferromagnetism (antiparallel spins), ferromagnetism (parallel spins) or ferrimagnetism 

(antiparallel but spins differ in magnitude).  The magnetic susceptibility (χ) of a material is 

defined as: χ = ,
19

 where M is magnetization and H is an applied magnetic field.  Paramagnets 

obey the Curie law: χ = , where C is the Curie constant.  Magnetic data above the ordering 

temperature (TN or TC) is fit using Curie-Weiss law.
19

  Information obtained from this fit includes 

the value of the magnetic moment from a contributing magnetic sublattice and the type of 

magnetic effect present in the material.  The effective magnetic moment of a sample (μeff) is 

defined as  =  , where kB is Boltzmann constant,  N is Avogadro‟s number and is μB is 

Bohr magneton.
19

  The type of magnetism present in a sample can also be determined using the 

Weiss constant
 
(θ).  If θ is close to zero, it implies that paramagnetic behavior is present in a 

sample.  Likewise, if θ is either positive or negative, ferromagnetic or antiferromagnetic 

correlations are present, respectively. 

The specific heat of a metal is described as Cp = γT +αT
3
, where γ and α are the electronic 

and phonon contribution to the specific heat, respectively.  At low temperatures, the electronic 

contribution to the specific heat is dominant and plotting Cp/T versus T
2
 gives γ as the intercept.  

Gamma (γ) also known as the Sommerfeld coefficient is proportional to the effective mass of an 

electron.  Typical heavy fermion materials have large γ values which are two orders of 

magnitude greater than a normal metal.
21

  The maximum allowed phonon frequency in a crystal 

is known as the Debye frequency (ωD), where ωD is directly proportional to the Debye 

temperature (ΘD) of a crystal (the temperature at which a crystal is in its highest vibrational 

mode). This is expressed as ΘD = , where h = Planck's constant, and kB = Boltzmann‟s 

constant.
19
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CHAPTER 2.  CRYSTAL GROWTH, STRUCTURE, AND PHYSICAL PROPERTIES 

OF Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd and Tb), Yb3Co4Sn12+x (x = 0.79 and 0.90),
 
Ln7Co6Sn23 

(Ln = Dy, and Ho), and Ln5Co6Sn18 (Ln = Er, and Tm)
 * 

2.1  Introduction  

Remeika phases have been widely studied because they display remarkable physical 

properties such as superconductivity, magnetism and heavy fermion behavior.
1-10

  These 

compounds crystallize in a group of related phases, named as (I-IV).  Phase I, or the Yb3Rh4Sn13  

structure type is primitive cubic ( nPm3 ) with a ~ 9.5 Å.
11

  Phase II is tetragonal (I41/acd) Sn1-

xErxEr4Rh6Sn18 structure with lattice parameters a ~ 13.7 Å and  c ~ 27.4 Å.
12

  Phase III, also 

known as Phase II′, crystallizes in the cubic ( mFm3 ) Tb5Rh6Sn18 structure with a ~ 13 Å.
13

  

Phase IV, which is a distorted form of Phase I (Phase I′), adopts the cubic Pr3Rh4Sn13 structure 

type ( nPm3 ) with a ~ 9.5 Å.
1
  The different phases are similar in that they contain MSn6 (M = 

Co, Rh, Ir, Ru, and Os) trigonal prisms and rare earth polyhedral units.
14

  The formation of a 

particular phase depends on the size and the oxidation state of the rare-earth and the transition 

metal in the compound.
12, 15, 16

  The cubic nPm3  structure is formed for rare earth compounds 

with larger atomic radii (Ce, Pr, Nd, Sm, Eu, Gd), 
10, 17-22

 while  the tetragonal I41/acd Phase II 

and cubic mFm3  Phase III compounds are formed for the smaller rare-earth metals (Dy, Ho, Er, 

Tm).
18, 22, 23

  Compounds that crystallize in the cubic nPm3  (Ln3M4Sn13) structure type (M = Rh, 

Ir, Co) are Ln3Rh4Sn13 (Ln = La-Nd, Sm-Gd; Yb),
10, 18, 22

 Ln3Ir4Sn13 (Ln = La-Nd, Sm-Gd and 

Ca), 
10, 18

 and Ln3Co4Sn13  (Ln = La-Nd, Sm, Gd, Tb and Yb).
17-21

  The smaller rare earth 

analogues LnRhxSny (Ln = Ho-Tm, Lu, Y and Sc),
22, 23

 LnIrxSny  (Ln = Er-Yb; Sc) and LnCoxSny 

 

 

*
 Portions of this chapter reprinted by permission from Taylor & Francis. Thomas, E.L.; Millican, J. N.; Okudzeto, E. K.; 

Chan, J. Y; “Crystal Growth and the Search for Heavy Fermion Intermetallics” Comments Inorg. Chem. 2006, 27, 1-39 

 
*
Portions of this chapter reprinted by permission of Elsevier: Okudzeto, E.K; Thomas, E.L.; Moldovan, M.; Young D.P. 

and Chan J.Y; “Magnetic properties of the stannides Ln7Co6Sn23 (Ln =Dy, Ho), and Ln5Co6Sn18 (Ln = Er, Tm)” Physica 

B. 2008. 403, 1628-1629 
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(Ln = Dy -Tm, Lu and Sc)
23

 adopt the tetragonal Phase II structure, and the cubic Phase III (

mFm3 ) structure type is adopted by LnRhxSny (Ln = Tb-Tm; Yb) and LnIrxSny (Ln = Gd-Yb; 

and Y). 
16, 18, 23

  

Several Phase I compounds display notable physical properties at low temperatures such 

as heavy fermion behavior and/or magnetic ordering.
3, 7, 9, 10, 15, 17, 20-22, 24-27

  Heavy fermion 

materials are intermetallic compounds that exhibit a screening effect between their conduction 

electrons and the magnetic moment of their f electrons.  Heavy fermions materials have large 

Sommerfeld or electronic specific heat coefficients (γ), which are about 10-1000 times that of 

ordinary metals
28

 (Cu γ ~ 1 mJ mol
-1 

K
-2

).  

Among the heavy fermion compounds within this structure type is Ce3Ru4Sn13, which 

consists of  mixed valent Ce (Ce
3+

 and Ce
4+

) and shows enhanced mass behavior with γ = 592 mJ 

mol
-1

-Ce
 

K
-2

).
7, 26

 Ce3Pt4In13 is a heavy fermion with γ ~ 1 J mol
-1

-Ce
 

K
-2 

and orders 

antiferromagnetically at 
 
TN

 
= 0.95 K.

29
  Ce3Ir4Sn13 is also a heavy fermion with two anomalies at 

0.6 K and 2.0 K with γ ~ 670 mJ mol
-1

-Ce
 
K

-2
.
8
  Recently, Thomas et al. reported the structure 

and physical properties of Ce3Co4Sn13, which has an enhanced γ ~ 4280 mJ mol
-1

-Ce
 
K

-2 
at its 

transition peak temperature 0.6 K, one of the
 
largest Sommerfeld coefficients reported. 

20
  

Superconductivity has also been observed in several other Phase I compounds Yb3Rh4Sn13 (Tc  = 

8.2 - 8.6 K),
25

 Ca3Rh4Sn13 (Tc = 8.6 K), 
25

 La3Pt4In13 (Tc = 3.3 K),
29

 La3Co4Sn13 (Tc = 2.85 K),
20

 

Lu3Ru4Ge13 (Tc = 2.3 K), and Y3Ru4Sn13 (Tc = 1.8 K).
7
   

Mudryk et al. reported the physical properties of polycrystalline Yb3Co4.3Sn12.7, which 

were grown by arc melting the constituent elements in a 15:20:65 ratio.
27

  The structural model 

of Yb3Co4.3Sn12.7 was determined by Rietveld analysis.  Resistivity measurements show that 

Yb3Co4.3Sn12.7 crosses over into a superconducting state below 3.4 K and  Tc diminishes upon the 

application of an external magnetic field and Hc is estimated to be 2.5 T.
27

  The calculated 
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specific heat coefficient (γ) of Yb3Co4.3Sn12.7 is 46(4) mJ mol
-1

 K
-2

 and a Debye temperature of 

207(5) K which is similar to that of elemental Sn (190 K). 

Several Phase II compounds show superconductivity and/or reentrant superconductivity; 

among the superconducting compounds are TbOs1.5Sn2.6 and HoOs1.5Sn2.6 with Tc = 1.4 K for 

both compounds.
30

  Reentrant superconductors are materials that have a magnetic transition TM at 

a temperature lower than Tc.  At TM the superconductivity of the material disappears and an 

ordered magnetic state is observed.
22

  The reentrant superconductors in Phase II are Sn1-x 

ErxEr4Rh6Sn18 with Tc =  0.97 K and TN = 0.57 K,
31

  Sn1-x ErxEr4Os6Sn18 with Tc =1.3 K and TN = 

0.5 K, and Sn1-x TmxTm4Os6Sn18  with Tc = 1.1 K and TN = 0.6 K.
30

  

During our search for ternary phases in the Ln-Co-Sn system we have grown single 

crystals of Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd, Tb) and have reported the structural and magnetic 

properties of theses compounds.
21

  Our investigation of compounds in the Ln-Co-Sn system 

resulted in the crystal growth of Ln5Co6Sn18 (Ln = Er, Tm) and Ln7Co6Sn23 (Ln = Dy, Ho).  Sn1-x 

ErxEr4Co6Sn18 (Ln = Er, Tm) have been previously synthesized by Espinosa et al.,
23, 32

 and X-ray 

powder diffraction data show that these compounds adopt the  I41/acd space group with lattice 

parameters a = 13.529 Å and c = 9.522 Å.
18

  However the full structure determination is 

necessary to correlate trends in this family of compounds.  Ln7Co6Sn23 (Ln = Dy, Ho) 

compounds crystallize with the Ho7Co6Sn23 structure type,
33

 and the magnetic susceptibility for 

Ln7Co6Sn23 (Ln = Y, Tb, Dy, Ho, Er) show paramagnetic behavior  between 78 K to 298 K.
34

   

This chapter highlights the full structure determination of single crystals of Ln3Co4Sn13 

(Ln = Pr, Nd, Sm, Gd, Tb and Yb), Ln7Co6Sn23 (Ln = Ho, Dy), Ln5Co6Sn18 (Ln = Er, Tm).  A 

comparison between the structures of Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd, Tb), Ln7Co6Sn23 (Ln = 

Ho, Dy) and Ln5Co6Sn18 (Ln = Er, Tm) as well as the magnetic and transport behavior of the 
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Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd, Tb), Ln7Co6Sn23 (Ln = Ho, Dy), Ln5Co6Sn18 (Ln = Er, Tm) 

and Yb3Co4Sn12+x (x = 0.79 and 0.90).   

2.2  Experimental 

2.2.1  Synthesis  

Single crystals of Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd, Tb), Ln7Co6Sn23 (Ln = Dy and Ho), 

and Ln5Co6Sn18 (Ln = Er, Tm) were synthesized using the respective rare-earth metal ingots of 

Pr, Nd, Sm, Gd, Tb Dy, Ho, Er, and Tm (99.9 %), Co powder (99.998 %), and Sn shot (99.8 %) 

which were all purchased from Alfa Aesar and used as received.  The constituent elements were 

combined in a 1:1:20 (Ln: Co: Sn) mole ratio, covered with quartz wool, and sealed into an 

evacuated, fused-silica tube.  The samples were then heated to 1323 K for 24 h and slowly 

cooled to 573 K at a rate of 5 K/h.  Single crystals of Yb3Co4Sn12.79 were grown in Sn flux using 

the constituent elements (Yb (99.9 %), Co (99.998 %), and Sn (99.99 %), all obtained from Alfa 

Aesar and were used as received.  The elements were combined in a 2:1:10 (Yb:Co:Sn) mole 

ratio, covered with quartz wool and sealed into an evacuated fused-silica tube.  The sample was 

then heated to 1323 K for 48 h, and slowly cooled to 550 K at a rate of 5 K/h.  Excess flux was 

separated from the crystals by centrifugation, and when necessary, topical flux was removed by 

etching the recovered crystals in concentrated HCl.  Single crystals obtained for Ln3Co4Sn13 (Ln 

= Pr, Nd, Sm, Gd, Tb) and were cuboidal-shaped with maximum dimensions of about 2 mm
3
.
21

  

The crystals obtained for Ln7Co6Sn23 (Ln = Dy and Ho) and Ln5Co6Sn18 (Ln = Er, Tm) were 

irregularly shaped, with dimensions up to 2 mm
3
.  Initial phase identifications of Ln7Co6Sn23 (Ln 

= Dy and Ho) and Ln5Co6Sn18 (Ln = Er, Tm) were made by comparing their powder X-ray 

diffraction (XRD) patterns with that of Sn1-xErxEr4Rh6Sn18
12

 and Ho7Co6Sn23.
34

   

Single crystals of Yb3Co4Sn12+x (x = 0.79 and 0.90) were grown in Sn flux using the 

constituent elements Yb (99.9 %), Co (99.998 %), and Sn (99.99 %), all obtained from Alfa 



14 

 

Aesar and used as received.  The elements were combined in a 2:1:10 (Yb:Co:Sn) mole ratio, 

covered with quartz wool and sealed into an evacuated fused-silica tube.  The composition of x 

in single crystals of Yb3Co4Sn12+x varies with dwell period as discussed in the single crystal 

structure determination section.  The x = 0.79 sample was heated to 1323 K for 48 h, and slowly 

cooled to 550 K at a rate of 5 K/h.  Varying the dwell period from 48 to 24 h resulted in the 

synthesis of crystals with x = 0.90.  The excess flux was separated from the crystals by 

centrifugation, and when necessary topical flux was removed by treating the recovered crystals 

with concentrated HCl.  The crystals obtained for Yb3Co4Sn12+x (x = 0.79 and 0.90) were 

irregularly shaped with maximum dimensions of 2 mm
3
.  Multiple crystals of Ln3Co4Sn13 (Ln = 

Pr, Nd, Sm, Gd and Tb), Ln7Co6Sn23 (Ln = Dy, Ho), Ln5Co6Sn18 (Ln = Er, Tm)
 
and Yb3Co4Sn12+x 

(x = 0.79 and 0.90) were selected for characterization using single crystal X-ray diffraction.  

2.2.2  Single Crystal X-ray Diffraction 

Crystal fragments with dimensions of ~ 0.05 x 0.05 x 0.08 mm
3
 were mechanically 

selected for the structural analysis of Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd, Tb).  For the structure 

analysis of Ln7Co6Sn23 (Ln = Dy, Ho) and Ln5Co6Sn18 (Ln = Er, Tm), the dimensions ranged 

from 0.05 x 0.08 x 0.08 mm
3
 to 0.05 x 0.05 x 0.08 mm

3
.  For the structure analysis of 

Yb3Co4Sn12+x (x = 0.79 and 0.90) crystal fragments with dimensions ranging from 0.03 x 0.05 x 

0.05 to 0.05 x 0.05 x 0.05 were used.  The fragments were glued on the tip of a glass fiber then 

mounted on a Nonius Kappa CCD diffractometer (Mo Kα radiation (λ = 0.71073Å)).  Data 

collections were obtained at 298 K.  Additional crystallographic parameters are included in 

Tables 2.1, 2.2 and 2.3.  The structures of Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd, Tb) were solved by 

selecting an appropriate space group, nPm3 , and direct solution methods were used to refine the 

models using SHELXL97.
35

  The occupancy parameters of Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd, 

Tb) were refined in a separate sets of least-squares cycles to determine the compositions on the 
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2a site.  The Sn1 sites in Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd, Tb) are fully occupied.  Table 2.4 

lists the atomic positions, Wyckoff symmetry, and anisotropic displacement parameters for 

Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd, Tb).
21

  

The structures of Yb3Co4Sn12+x (x = 0.79 and 0.90) were solved with direct methods 

using SHELXL97.
35

  The atomic parameters of the parent structure Yb3Rh4Sn13
11

 were used to 

further refine the structural models of Yb3Co4Sn12+x (x = 0.79 and 0.90).  After refinement, the 

data were corrected for both absorption and displacement parameters and were refined as 

anisotropic.  The displacement parameters on the Sn1 (2a) site for both set of crystals (the 48 and 

24 h synthesized samples) were larger than expected, which is an indication of occupational 

disorder on this site.  To determine the composition of our single crystals, the occupancy 

parameters were refined in a separate set of least-squares cycles.  For crystals formed by 

dwelling for 48 h the Sn1 occupancy is 79.2(10) %, resulting in the formula Yb3Co4Sn12.79.  

Dwelling for 24 h results in a Sn1 occupancy of 89.5(11) % with the formula Yb3Co4Sn12.90.  

Similar occupational defects are also observed in other Ln3M4Sn13 analogues such as Ce4Rh4Sn13 

(92 %) and Ce3Ir4Sn13 (76 %).
10

  The final least-squares refinement resulted in a R1(F) of 0.0230 

for Yb3Co4Sn12.79 and R1(F) of 0.0235 for Yb3Co4Sn12.90 (Table 2.1).  We also investigated the 

occupational defect on different crystals obtained from the 48 h synthesis batch.  The Sn1 

occupancy on the 2a site is within σ
2
 standard deviation, indicating the occupational disorder in 

crystals from this batch is similar.  The physical properties measured on single crystals of 

Yb3Co4Sn12.79 and Yb3Co4Sn12.90 are the same indicating the properties are not affected by the 

occupational defects.  Mudryk et al. reported a statistical distribution of Co (32 %) and Sn (68 

%) on the 2a site of Yb3Co4.3Sn12.7.
27

  Refining our model with statistical disorder (Co and Sn) 

on the 2a site results in a statistical distribution of Co (46 %) and Sn (54 %) for the crystals 

synthesized by dwelling for 48 h.  Dwelling for 24 h results in a Co (23 %) and Sn (77 %) 
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distribution.  Table 2.5 and 2.6 lists the atomic positions, Wyckoff symmetry, anisotropic 

displacement parameters, occupancy and R1(F) values for the various models.   

In solving the structures of Ln7Co6Sn23 (Ln = Dy, Ho) and Ln5Co6Sn18 (Ln = Er, Tm), the 

structural data of the known phases Ho7Co6Sn23
33

 and Sn1-xErxEr4Rh6Sn18
12

 were used as 

preliminary models.  The structural models were refined using SHELXL97.
35

  After refinement, 

the data were corrected for absorption and displacement parameters were refined as anisotropic.  

The occupancy parameters of Sn1-xLnxLn5Co6Sn18 (Ln = Er, Tm) were refined in a separate set of 

least-square cycles to determine the exact composition on the 8b site, which could be occupied 

with Sn and Ln, as observed in Sn1-xErxEr4Rh6Sn18.
12

  However, no mixed occupancies were 

observed for both compounds.  A list of atomic positions, Wyckoff symmetry, and anisotropic 

displacement parameters for the above compounds are listed in Table 2.7.  Although the thermal 

parameters of Ln5Co6Sn18 (Ln = Er and Tm) appeared to be large on the Sn6 (32g) site no 

disorder was observed in least-square refinements.  Unusual thermal parameters were also 

observed in the single crystal refinement of the disordered, microtwinned Sc1-xSc4Co6Sn18 

compound .
36

   

2.2.3  Physical Property Measurements 

Magnetic measurements on single crystals of Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd, Tb), 

Ln7Co6Sn23 (Ln = Dy, Ho), and Ln5Co6Sn18 (Ln = Er, Tm) were performed using a Quantum 

Design Physical Property Measuring System (PPMS).  Data were collected over a temperature 

range of 2 to 300 K.  The magnetic measurements on single crystals of Yb3Co4Sn12.79 were 

performed up to 350 K.  Electrical resistivity data on all the above compounds were measured 

using the standard four probe method with a Quantum Design PPMS.  Specific heat 

measurements were performed with a Quantum Design PPMS. 
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Table 2.1  Crystallographic Parameters for Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd, Tb)  
Compound Pr3Co4Sn13 Nd3Co4Sn13 Sm3Co4Sn13 Gd3Co4Sn13 Tb3Co4Sn13 

Space Group nPm3  nPm3  nPm3  nPm3  nPm3  

a (Å) 9.582 (6) 9.583(8)  9.5350(6) 9.5190(4) 9.5010(6) 

V (Å
3
) 879.77(10) 880.0(12) 866.89(9) 862.53(6) 857.65(9) 

Z 2 2 2 2 2 

Dimensions (mm
3
) 0.05x0.05x0.08 0.05x0.05x0.08 0.05x0.05x0.08 0.05x0.05x0.08 0.05x0.05x0.05 

Temperature (K)  298(2) 298(2) 298(2) 298(2) 298(2) 

ρ (g/cm3) 8.310 8.345 8.542 8.665  10.036 

θ Range  3.01-30.02 3.01-30.02 3.02-30.00 3.01-29.16 3.03- 30.03 

μ (mm-1) 29.819  29.819  31.993   33.476 33.489 

Collected reflections 749 779 708 750  680 

Unique reflections 227 237 225 234 24 

h -13< h < 13 13< h < 13 -13< h < 13 -13< h < 13 -13< h < 13 

k -9< k < 9 -9< k < 9 -9< k < 9 -9< k < 9 -9< k < 9 

l -9< l < 9  -9< l < 9  -8< l < 8 -8< l < 8 -8< l < 8 

Δρmax (eÅ
-3

) 2.813  1.113 1.400 1.016 3.907 

Δρmin (eÅ
-3

) -1.279  -1.637 -3.367 -3.304 -3.894 

R1 (F)
a
 0.0338  0.0257  0.0235 0.0235 0.0395 

Rw
b
  0.0707  0.0619  0.0599  0.0543 0.0757  

a
R

1 = Σ||Fo| - |Fc||/Σ|Fo| 
b
Rw = [Σ [w (Fo

2
 - Fc

2
)2]/ Σ [w (Fo

2
)
2
]]

1/2; w = 1/[σ2
(Fo

2) +(0.0224P)2 +4.3937P], w = 1/[σ2
(Fo

2) +(0.0346P)2 +2.1024P], w = 

1/[σ2
(Fo

2) +(0.0000P)2 +11.3670P], w = 1/[σ2
(Fo

2) +(0.0056P)2 +15.0860P], w = 1/[σ2
(Fo

2) +(0.0617P)2 +25.9124P], respectively 

for Pr, Nd, Sm, Gd and Tb 

 

Table 2.2  Crystallographic Parameters for Yb3Co4Sn12+x (x = 0.79 and 0.90) 

Dwell Time  48 h 24 h 

Formula Yb3Co4Sn12.79 Yb3Co4Sn12.90 

Space Group nPm3  nPm3  

a (Å) 9.5330(5) 9.5330(4) 

V (Å
3
) 866.34(8) 866.34(6) 

Z 2 2 

Dimensions (mm
3
) 0.03 x 0.05 x 0.05  0.05 x 0.05 x 0.05 

Temperature (K) 298(2) 298(2) 

ρ (g/cm3) 8.713 8.761 

θ Range 3.02- 30.01 4.28-30.01 

μ (mm
-1

) 37.742 37.890 

Collected reflections 753 751 

Unique reflections 240 235 

Rint 0.0372 0.0353 

h -13 < h < 13 -13 < h < 13 

k -9 < k < 9 -9 < k < 9 

l -8 < k < 8 -8 < k < 8 

Δρmax (eÅ
-3

) 1.535 1.559 

Δρmin (eÅ
-3

) -0.962 -1.445 

Goodness of fit on Fo
2
 1.259 1.203 

Extinction coefficient 0.0030(2) 0.0055(3) 

R1 (F) for Fo

2> 2σ (Fo

2)a
 0.0230 0.0235 

Rw
(Fo

2)b
 0.0514 0.0497 

 
a
R

1 = Σ||Fo| - |Fc||/Σ|Fo|
b
Rw = [Σ [w (Fo

2
 - Fc

2
)

2
]/ Σ [w (Fo

2
)

2
]]

1/2; w = 1/[σ2
(Fo

2) +(0.0086P)2 +6.6792P], w = 1/[σ2
(Fo

2) 

+(0.0086P)2 +10.3281P] for the 48h and 24h samples respectively. 
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Table 2.3  Crystallographic Parameters for Ln7Co6Sn23 (Ln = Dy, Ho) and Ln5Co6Sn18 (Ln = Er, 

Tm)  
Compound   Dy7Co6Sn23 Ho7Co6Sn23 Er5Co6Sn18 Tm5Co6Sn18 

Space Group   13mP   13mP   I41/acd  I41/acd 

a (Å)    9.6420(4) 9.6210(3) 13.5310(2) 13.5190(6)  

c (Å)    9.8590(5) 9.8210(4) 26.9970(4) 26.9760(9) 

V (Å
3
)    793.77(6) 787.27(5) 4942.83(13) 4930.2(4) 

Z    1  1  8  8   

Crystal  Dimensions (mm
3
) 0.05x0.08x0.08 0.05x0.08x0.08 0.05x0.05x0.08 0.05x0.05x0.08 

Temperature (K)   298(2)  298(2)  298(2)  298(2) 

ρ (g/cm3)   8.830  8.939  8.940  8.938  

θ Range    2.07-30.05 2.07-30.02 2.61-30.50 2.61-30.03 

μ (mm-1)   36.961  38.245  38.446  39.518 

Collected reflections  2464  2772  6939  5700 

Unique reflections  841  855  1785  1415  

h    -13< h < 13 -13< h < 13 -19< h < 19 -18< h < 18 

k    -11< k < 11 -11< k < 10 -13<k < 13 -13<k < 13 

l    -13< l < 9 -13< l < 9 -37< l < 37 -13< l < 13 

Δρmax (eÅ
-3

)   2.661  12.891  20.645  21.338 

Δρmin (eÅ
-3

)   -2.071  -5.345  -6.501  -11.649 

R1 (F)
a
    0.0221  0.0464  0.0678  0.0942  

Rw
b
    0.0541  0.1452  0.1910  0.2463   

a
R

1 = Σ||Fo| - |Fc||/Σ|Fo| 
b
Rw = [Σ [w (Fo

2
 - Fc

2
)

2
]/ Σ [w (Fo

2
)

2
]]

1/2; w = 1/[σ2
(Fo

2) +(0.0000P)2 +1.9810P], w = 1/[σ2
(Fo

2) +(0.1000P)2 

+0.0000P], w = 1/[σ2
(Fo

2) +(0.0003P)2 +10.7560P], w = 1/[σ2
(Fo

2) +(0.0093P)2 +9.5760P], respectively for Dy, Ho, 

Er and Tm 

 

Table 2.4  Atomic Positions and Atomic Displacement Parameters for Ln3Co4Sn13 (Ln = Pr, Nd, 

Sm, Gd, Tb)  
 

Atom Wyckoff site  x  y  z  Ueq (eÅ
2
)
 a

 

 

Pr3Co4Sn13 
Sn1  2a  0  0  0  0.0154(5)  

Pr  6d  1/4   1/2   0  0.0101(3)  

Co2  8e  3/4   3/4  3/4  0.0076(5)  

Sn2  24k  0  0.30350(7) 0.15685(7) 0.0135(3) 

 

Nd3Co4Sn13 
Sn1  2a  0  0  0  0.0169(4)  

Nd  6d  1/4  1/2  0  0.0126(3)  

Co2  8e  3/4  3/4  3/4  0.0089(4)  

Sn2  24k  0  0.30340(5) 0.15687(5) 0.0148(3) 

 

Sm3Co4Sn13 
Sn1  2a  0  0  0  0.0209(6) 

Sm  6d  1/4  1/2  0  0.0116(3)  

Co2  8e  3/4  3/4  3/4  0.0088(4)  

Sn2  24k  0  0.30448(7) 0.15704(7) 0.0141(3) 
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Table 2.4 cont 
Gd3Co4Sn13 

Sn1  2a  0  0  0  0.0120(3) 

Gd  6d  1/4   1/2  0  0.0120(3)  

Co2  8e  3/4  3/4  3/4  0.0082(4)  

Sn2  24k  0  0.30465(7) 0.15702(6) 0.0138(3) 

 

 

Tb3Co4Sn13 
Sn1  2a  0  0  0  0.0171(9) 

Tb  6d  1/4  1/2  0  0.0092(5)  

Co2  8e  3/4  3/4  3/4  0.0051(7)  

Sn2  24k  0  0.30494(12) 0.15689(11) 0.0104(5) 

 
a
Ueq is defined as one-third of the trace of the orthogonalized Uij tensor 

 

Table 2.5  Atomic Positions and Atomic Displacement Parameters for Crystals Grown by 

Dwelling for 48 h. 
 

Atom  Wyckoff site  x  y  z  Occ.  Ueq (eÅ
2
)
 
 

   Yb3Co4Sn12.79    

Sn1  2a  0  0  0  0.792(10)  0.0168(9)  

Yb  6d  ¼  ½  0  1  0.0111(4)  

Co  8e  ¾  ¾  ¾  1  0.0060(4)  

Sn2  24k  0  0.30388(6)  0.15733(5)  1  0.0063(3)  

   R1 = 0.0230    

       

   Yb3Co4.46Sn12.54    

Sn1  2a  0  0  0  0.54(2) 0.0153(9)  

Co 2a  0  0  0  0.46(2) 0.0153(9)  

Yb  6d  ¼  ½  0  1  0.0111(4)  

Co  8e  ¾  ¾  ¾  1  0.0060(4)  

Sn2  24k  0  0.30388(6)  0.15733(5)  1  0.0063(3)  

   R1 = 0.0231    
a
Ueq is defined as one-third of the trace of the orthogonalized Uij tensor 
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Table 2.6  Atomic Positions and Atomic Displacement Parameters for Crystals Grown with 24h 

Dwell time. 
 

Atom  Wyckoff site  x  y  z  Occ.  Ueq (eÅ
2
)
 
 

   Yb3Co4Sn12.90    

Sn1  2a  0  0  0  0.895(11) 0.0225(9 

Yb  6d  ¼  ½  0  1  0.0104(4) 

Co  8e  ¾  ¾  ¾  1  0.0056(4) 

Sn2  24k  0  0.30576(6) 0.15786(6) 1  0.0056(3) 

   R1 = 0.0235    

       

   Yb3Co4.23Sn12.77    

Sn1  2a  0  0  0  0.77(2) 0.0218(9) 

Co1 2a  0  0  0  0.23(2) 0.0218(9) 

Yb  6d  ¼  ½  0  1  0.0104(4) 

Co2 8e  ¾  ¾  ¾  1  0.0056(4) 

Sn2  24k  0  0.30576(6) 0.15786(6) 1  0.0056(3) 

   R1 = 0.0235    
a
Ueq is defined as one-third of the trace of the orthogonalized Uij tensor 

 

Table 2.7  Atomic Positions and Atomic Displacement Parameters for Ln7Co6Sn23 (Ln = Dy, and 

Ho) and Ln5Co6Sn18 (Ln = Er, Tm) 

Atom Wyckoff site  x  y  z  Ueq (eÅ
2
)
 a

 

 

Dy7Co6Sn23 

Dy  1a  0  0  0  0.0124(2)  

Dy  6i  0.47844(2) 0.52156(2) 0.30648(3) 0.00851(13) 

Co  6i   0.16812(6) 0.83188(6) 0.80138(10)    0.0079(2) 

Sn1  2d  1/3   2/3  0.81969(9) 0.0089(2)  

Sn2  6i   0.21860(3) 0.78140(3) 0.54551(5) 0.01042(15)  

Sn3  6i  0.11753(3) 0.88247(3) 0.27551(5) 0.00981(15) 

Sn4  1b  0  0  1/5  0.0121(3) 

Sn5  6g  0.34767(5) 0  0  0.01075(15) 

Sn6  2d  1/3  2/3  0.11368(9) 0.0097(2) 

 

Ho7Co6Sn23 

Ho  1a  0  0  0  0.0062(4)  

Ho  6i  0.47876(4) 0.52124(4) 0.30653(6) 0.0018(3) 

Co  6i   0.16829(11) 0.83171(11) 0.80136(18) 0.0010(4)                

Sn1  2d  1/3  2/3  0.82037(16) 0.0026(4)  

Sn2  6i   0.21892(6) 0.78108(6) 0.54523(10) 0.0038(3)  

Sn3  6i  0.11773(6) 0.88227(6) 0.27556(10) 0.0032(3) 

Sn4  1b  0  0  1/5  0.0055(5) 

Sn5  6g  0.34763(9) 0  0  0.0039(3) 

Sn6  2d  1/3  2/3  0.11515(17) 0.0032(4) 



21 

 

Table 2.7 cont   

Er5Co6Sn18 

Er1  8b  0  1/4   1/8  0.0076(7) 

Er2  32g  0.13259(4) 0.38650(4) 0.30709(2) 0.0044(3) 

Co1  16d  0  1/4   0.25204(11) 0.0013(10) 

Co2  32g  0.24498(17) 0.25061(13) 0.37481(5) 0.0064(10) 

Sn1  16f   0.17176(8) 0.57824(8) 0.3750  0.0036(4)  

Sn2  16f  0.32590(8) 0.57590(8) 1/8   0.0040(4) 

Sn3  16e   0.70985(12) 0  1/4   0.0079(7) 

Sn4  32g  0.08875(7) 0.33997(7) 0.41974(4) 0.0066(4) 

Sn5  32g  0.32797(7) 0.25722(8) 0.46106(4) 0.0036(5)  

Sn6  32g  0.00394(9) 0.57614(7) 0.46121(4) 0.0040(6)  
 

Tm5Co6Sn18 

Tm1  8b  0  1/4   1/8  0.0121(10)  

Tm2  32g  0.13243(6)  0.38617(6)  0.30723(3) 0.0092(5)  

Co1  16d  0  1/4    0.25222(16) 0.0057(16) 

Co2  32g  0.2447(3)  0.2506(2)  0.37482(8) 0.0096(14) 

Sn1  16f   0.17191(12)  0.57809(12)  0.3750  0.0075(6) 

Sn2  16f  0.32606(12)  0.57606(12)  0.1250  0.0082(6) 

Sn3  16e   0.71052(18)  0   1/4  0.0117(10) 

Sn4  32g  0.08892(11)  0.34002(10)  0.41971(5) 0.0113(7)  

Sn5  32g  0.32793(11)  0.25691(12)  0.46112(5) 0.0091(7)  

Sn6  32g  0.00389(12)  0.57602(11)  0.46132(5) 0.0082(9)  
a
Ueq is defined as one-third of the trace of the orthogonalized Uij tensor 

 

2.3.  Results and Discussion  

2.3.1  Structure of Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd and Tb) 

Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd, Tb) crystallize in the Yb3Rh4Sn13 structure type. 
11

  

The structure consists of three sublattices: a rare earth cuboctahedra (LnSn12), a transition metal 

trigonal prism (TSn6), and Sn icosahedra Sn1(Sn2)12.
21

  The structure of Pr3Co4Sn13 is similar to 

that of perovskites, or A′A′′3B4O12-type compounds.
37

  The Ln cuboctahedra (LnSn12) shown in 

Figure 2.1 are both face and edge sharing and are made up of two different Ln-Sn2 interatomic 

distances (Table 2.8).
21

  The Ln-Sn2 distances decreases from Pr-Tm; this trend is indicative of 

lanthanide contraction where the Ln-Sn bond distances contract as a result of increasing atomic 

radius.  The distortion in the cuboctahedra, which is measure of the ratio of the different Ln-Sn2 

distances, becomes less distorted as one moves across the row of lanthanide metals (Pr-Tb).  The 

Co atoms in Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd, Tb) form trigonal prisms with Sn2 to give 
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[Co(Sn2)6] as shown in Figure 2.2. The trigonal prisms are corner sharing and have a three-

dimensional arrangement that encompasses the Sn1 atoms.
21

  This is similar to the arrangement 

of BO6 octahedra found in the perovskites type A′A′′3B4O12 compounds, where the three-

dimensional arrangement of the octahedra create cages.
37

 

 

Table 2.8 Selected Interatomic Distance (Å) for Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd and Tb) 

 
 Pr3Co4Sn13 Nd3Co4Sn13 Sm3Co4Sn13 Gd3Co4Sn13 Tb3Co4Sn13 
Sn icosahedra       

Sn1-Sn2  (x 12) 3.2735(7) 3.273(3)

  

3.2666(7) 3.2625(7) 3.2582(12) 

Co trigonal prism      

Co-Sn2 (x 6) 2.6073(3) 2.607(2)

  

2.5957(3) 2.5918(3) 2.5878(4) 

Ln 

cuboctahedra 

     

Ln-Sn2 (x 4) 3.398(3)

  

3.398(3)

  

3.3764(5) 3.3697(4) 3.3061(6) 

Ln-Sn2 (x 8) 3.3278(7) 3.328(3)

  

3.3111(6) 3.3061(6) 3.3014(10) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The origin of the unit cell is occupied by the Sn1 atoms, which form edge-sharing 

Sn1(Sn2)12 icosahedra (Figure 2.3).  The packing of the Sn icosahedra is similar to that in 

Yb3Rh4Sn13, where each icosahedra is connected to 8 CoSn6 trigonal prisms and 12 Ln centered 

 

Figure 2.1  Projection of the LnSn12 cuboctahedra (orange) of Ln3Co4Sn13, Sn atoms are 

blue spheres.  
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cuboctahedra.
11

  The Sn1-Sn2 distances are 3.2735(7), 3.273(3), 3.2666(7), 3.2625(7), and 

3.2582(12) Å for Ln = Pr, Nd, Sm Gd and Tb.
21

  Theses distances are slightly larger than those 

observed in -Sn (4 x 3.02 Å and 2 x 3.18 Å).
38

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.2  The structure of Ln3Co4Sn13 showing the CoSn6 trigonal prisms (gold) Sn 

atoms are blue spheres. 

 

 

Figure 2.3  Projection of the Sn1Sn212 icosahedra (silver) of Ln3Co4Sn13  
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2.3.2  Structure of Yb3Co4Sn12+x (x = 0.79 and 0.90) 

Yb3Co4Sn12+x (x = 0.79 and 0.90) crystallizes in the cubic Yb3Rh4Sn13
11

 structure type in 

the space group n3Pm .  The structure of Yb3Co4Sn12+x (x = 0.79 and 0.90) is similar to the 

structure of Ln3Co4Sn13 discussed in section 2.31 and consists of three sublattices: rare earth 

cuboctahedra (YbSn12), Sn icosahedra Sn1(Sn2)12, and cobalt trigonal prisms (CoSn6).  Figure 

2.4 shows a plot of the cell volume of Ln3Co4Sn13 (Ln = Ce-Nd, Sm, Gd, Tb) 
20, 21

 and 

Yb3Co4Sn12.79.  A positive deviation is observed in the volume of Yb3Co4Sn12.79 indicating the 

divalent state of Yb in the compound.  This is similar to the previously reported Yb3Rh4Sn13.
16

   

 

 

 

 

 

 

 

 

 

 

 

Single crystal X-ray diffraction on Yb3Co4Sn12+x (x = 0.79 and 0.90) show that crystals 

grown by dwelling for 48 h have an occupational defect of 20.8(10) % on the 2a site.  Dwelling 

for 24 h results in crystals with an occupational defect of 10.5 %.  Table 2.9 lists selected 

interatomic distances for the various models obtained from single crystal X-ray diffraction.  The 

covalent radii of Co and Sn are 1.16 Å and 1.40 Å respectively.
39

  If the 2a site is mixed with Co 
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Figure 2.4  Cell volume of Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd, Tb ) and Yb3Co4Sn12.79 as a  

function of  lanthanide.  Data for the Ce, Pr, Nd, Sm, Gd, and Tb, were obtained from Ref  

(20) and Ref (21). 
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and Sn, as reported by Mudryk et al.,
27

 one would expect a contraction in Sn1-Sn2 distances 

between the partially occupied model and the mixed occupied one.  From Table 2.9 the bond 

distance between the partial and mixed occupied models are the same.  The above information 

suggests that the crystallographic model with occupational disorder on the 2a site might be an 

accurate model.  A detailed elemental analysis technique like ICP mass spectroscopy will lead to 

a better determination of the composition of Yb3Co4Sn12+x (x = 0.79 and 0.90).  As expected the 

Sn1-Sn2 distances for Yb3Co4Sn12.79 are slightly smaller than that of Yb3Co4Sn12.90, indicating 

that the dwell period during synthesis affects the amount of Sn on the 2a site.   

Table 2.9  Selected Interatomic Distances (Å) for Yb3Co4Sn12.79 (48 h partial 

occupied),Yb3Co4.46Sn12.54 (48 h mixed occupied), Yb3Co4Sn12.90 (24 h partial occupied) and 

Yb3Co4.23Sn12.77 (48 h mixed occupied). 

Formula Yb3Co4Sn12.79 Yb3Co4.46Sn12.54  Yb3Co4Sn12.90 Yb3Co4.23Sn12.77 

Dwell Time 48 h 48 h  24 h 24h 

Sn1-Sn2  (x 12) 3.2622(6) 3.2621(6)  3.2804(6) 3.2804(6) 

      

Co trigonal prism      

Co-Sn2 (x 6)  2.5931(2) 2.5931(2)  2.5950(2) 2.5950(2) 

      

Yb cuboctahedra      

Ln-Sn2 (x 4) 3.3069(5) 3.3069(5)  3.3047(6) 3.3047(6) 

Ln-Sn2 (x 8)  3.3800(4) 3.3800(4)  3.3724(4) 3.3724(4) 

 

2.3.3 Structure of Ln7Co6Sn23 (Ln = Dy, Ho) 

Ln7Co6Sn23 (Ln = Dy, Ho) crystallize with the Ho7Co6Sn23 structure type in the space 

group 13mP (No.164).
33

  The structure consists of four different polyhedral units: Ln1 

cuboctahedra, Ln2 truncated cuboctahedra, Co trigonal prisms, and Sn octahedra (SnSn6).  Table 

2.10 lists selected interatomic distances of the various polyhedral units.  In the Ln7Co6Sn23 

cuboctahedra, the Ln1 atoms are bonded to two different crystallographic Sn atoms (Sn3 and 

Sn5) Figure 2.5a.  The Ln1-Sn3 (x 6) bond distances in Dy7Co6Sn23 and Ho7Co6Sn23 are 
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3.3512(5) Å and 3.3426(10) Å for respectively.  While the Ln1-Sn5 (x 6) distances are 3.3523(5) 

Å and 3.3446(9) Å for the Dy and Ho analogues respectively.  Ln2 forms a truncated 

cuboctahedron with Sn atoms.  A truncated cuboctahedron contains 10 atoms instead of 12, as 

shown in Figure 2.5b. A single atom takes the place of 3 missing atoms in the cuboctahedron. 

The Ln2-Sn bond distances range from 3.0803(7) to 3.3812(5) Å for Dy7Co6Sn23 and from 

3.0672(12) to 3.3707(8) Å for Ho7Co6Sn23. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.10  Selected Interatomic Distance (Å) for Ln7Co6Sn23 (Ln = Dy and Ho)  

Compound   Dy7Co6Sn23   Ho7Co6Sn23  

 

Ln1 cuboctahedron 

Ln1-Sn3 (x 6)   3.3512(5)   3.3426(10)   

Ln1-Sn5 (x 6)   3.3523(5)   3.3446(9)     

 

 

 

 

 

Figure 2.5  (a) The structure of Ho7Co6Sn23 showing the Ho1Sn12 cuboctahedra (orange) Sn 

atoms are blue spheres.  (b) Projection of the Ho2Sn10 truncated cuboctahedra of Ho7Co6Sn23. 

 



27 

 

Table 2.10 cont 

Ln2 truncated cuboctahedron 

Ln2-Sn1    3.3812(5)    3.3707(8) 

Ln2-Sn2 (x 2)   3.1079(4)    3.0967(7) 

Ln2-Sn2 (x 2)   3.2332(5)    3.2223(9) 

Ln2-Sn3 (x 2)   3.1970(4)    3.1886(8) 

Ln2-Sn5 (x 2)   3.3789(4)    3.3670(7) 

Ln2-Sn6    3.0803(7)    3.0672(12) 

 

Sn4 octahedron 

Sn4-Sn3 (x 6)    2.9582(5)    2.9509(10)    

 

Co trigonal prism 

Co-Sn1    2.7645(10)     2.7561(19)    

Co-Sn2    2.6598(12)     2.653(2)     

Co-Sn3 (x 2)   2.6076(8)    2.6043(15)     

Co-Sn5 (x 2)   2.5793(8)    2.5711(14) 

 

The manner in which the transition metal-Sn trigonal prisms are connected is believed to lead to 

the formation of a particular structure (Phase I, I′, II, II′)14
 by forming cuboctahedral and/or 

icosahedral holes.  Likewise, the Co trigonal prisms in Ln7Co6Sn23 (Figure 2.6) also form 

cuboctahedral, truncated cuboctahedral and octahedral holes for the Ln1, Ln2 and Sn4 atoms 

respectively.
33, 34

  In Ln7Co6Sn23, the Co atoms are bonded to 4 different crystallographic Sn 

atoms (Sn1, Sn2, Sn3 (x 2) and Sn5 (x 2)) forming a trigonal prism.  The longer Co-Sn distances 

range from 2.5793(8) Å to 2.7645(10) Å and 2.5711(14) Å to 2.7561(19) Å for the Dy7Co6Sn23 

and Ho7Co6Sn23 compounds, respectively.  The Co-Sn bond distances are slightly greater than 

the sum of their respective covalent radii (Co 1.25 Å and Sn 1.40 Å).
39

  However, the Co-Sn 

bond distances are similar to those observed in CoSn2 (2.737 Å).
40

  In Ln7Co6Sn23, Sn4 is bonded 

to six Sn3 atoms to form octahedra, as shown in Figure 2.7, with interatomic distances of 

2.9582(5) Å (x6) and 2.9520(4) Å (x6) for Ln = Dy and Ho respectively.  The shorter Sn4-Sn3 

bond distances observed in Ln7Co6Sn23 are similar to the Sn-Sn distances observed in α-CoSn3 

(2.961 Å), β-CoSn3 (2.963 Å),
41

  and to the “anion-like” Sn interatomic distances observed in and 
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Er5Rh6Sn18 (2.967 Å).
14

  The Sn4 octahedra are face-sharing with two cuboctahedra and edge 

sharing with CoSn6 trigonal prisms  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6  Projection of the CoSn6 trigonal prisms (gold) of Ho7Co6Sn23. Sn atoms are 

shown as blue spheres. 

 

 

Figure 2.7  Projection of the Sn octahedra (Silver) of Ho7Co6Sn23.  Sn atoms are shown as 

blue spheres. 
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2.3.4  Structure of Ln5Co6Sn18 (Ln = Er, Tm) 

Ln5Co6Sn18 (Ln = Er, Tm), crystallize in the Sn1-xErxEr4Rh6Sn18 structure type in space 

group I41/acd with Z = 8.
2
  The structure of Er5Co6Sn18 consists of four different polyhedral 

units: Ln1cuboctahedra, Ln2 truncated cuboctahedra, and two different Co trigonal prisms.  A list 

of selected bond distances is given in Table 2.11.   

Table 2.11.  Selected Interatomic Distances (Å) for Ln5Co6Sn18 (Ln = Er, and Tm)   

 
Polyhedra  Er5Co6Sn18  Tm5Co6Sn18 

 

Co1 trigonal prism 

Co1-Sn4 (x 2)   2.717(3)   2.713(4)  

Co1-Sn5 (x 2)   2.5792(17)   2.579(3)      

Co1-Sn6 (x 2)  2.5986(17)  2.599(3) 

 

Co2 trigonal prism 

Co2-Sn1  2.590(2)   2.590(3)   

Co2-Sn2  2.590(2)    2.589(3)   

Co2-Sn4 (x 2)  2.703(2)  2.698(3)    

Co2-Sn5  2.586(2)  2.587(3)     

Co2-Sn6  2.569(2)  2.572(3)  

 

 
Ln1 cuboctahedra 

Ln1-Sn1 (x 2)  3.2863(16)   3.286(2) 

Ln1-Sn2 (x 2)  3.3310(16)   3.325(2)  

Ln1-Sn5 (x 4)  3.2898(10)   3.2888(15)  

Ln1-Sn6 (x 4)  3.3093(11)   3.3100(16)  

 

Ln2 truncated cuboctahedra 

Er2-Sn1 (x 2)  3.2209(10)  3.2188(14)  

Er2-Sn2   3.2344(10)   3.2336(14)  

Er2-Sn3  3.0460(14)  3.043(2)  

Er2-Sn4   3.1430(11)   3.1367(17)  

Er2-Sn4   3.1622(12)   3.1534(17)  

Er2-Sn4   3.1646(11)  3.1585(17)  

Er2-Sn5   3.2452(12)   3.2414(18)  

Er2-Sn5   3.2455(12)   3.2424(18)  

Er2 Sn6   3.1984(12)  3.1950(18)  

 

Ln1 forms a distorted cuboctahedron with 12 Sn atoms [Sn1(x 2), Sn2 (x 2), Sn5 (x 4), 

and Sn6 (x 4)] as shown in Figure 2.8a.  The Ln1 atoms occupy a “cage” created by the 
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arrangement of the CoSn6 trigonal prisms.
14

  The Ln(1)Sn12 cuboctahedra are face sharing with 

two Co(2)Sn6 trigonal prisms, one on the top of the cuboctahedron and the other at the bottom, 

and four Co(1)Sn6 trigonal prisms which are also face sharing.
14

  The Ln(1)-Sn bond distances 

are 3.2863(16) Å (x2), 3.3310(16) Å (x2), 3.2898(10) Å (x4), and 3.3093(11) Å (x4) for 

Er5Co6Sn18 and 3.286(2) Å (x2), 3.325(2) Å (x2), 3.2888(15) Å (x4), and 3.3100(16) Å (x4) for 

Tm5Co6Sn18.  The Ln-Sn bond distances in the above compounds are comparable to the Ln-Sn 

bond distance observed in Ln7Co6Sn23 (Ln = Dy, Ho) and Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd and 

Tb).
21

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Ln5Co6Sn18 (Ln = Er, Tm) also contains Ln2 truncated cuboctahedra as shown in Figure 

2.8b.  The truncated cuboctahedra is formed by Ln2 sharing 9 Sn atoms [Sn1, Sn2, Sn4 (x3), Sn5 

(x2), and Sn6] from the CoSn6 trigonal prisms and a tenth Sn atom (Sn3).  Like the Ln1 

 

  

Figure 2.8  (a) Projection of the structure of Er5Co6Sn18 showing the Er1(Sn)12 

cuboctahedra (orange). (b) Projection of the Ln2 truncated cuboctahedra (orange) of 

Er5Co6Sn18. 
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cuboctahedra, the Ln2 truncated cuboctahedra are also face sharing with the CoSn6 trigonal 

prisms in addition to being edge sharing with Ln1 cuboctahedra.  The Ln2-Sn bond distances 

range from 3.0460(12) to 3.2209(10) Å and 3.043(2) to 3.2188(14) Å for the Er and Tm 

analogues, respectively (Table 2.11).  The arrangement of the CoSn6 trigonal prisms in 

Er5Co6Sn18 is shown in Figure 2.9.  This arrangement is similar to that of the single crystal 

structure of Sn1-xErxEr4Rh6Sn18 reported by Hodeau et. al,  in which the trigonal prisms are 

described as layers of corner sharing RhSn6 trigonal prisms arranged in a “star” formation.
14

  In 

the structure of Er5Co6Sn18, the Co1 and Co2 atoms are arranged in layers separated by Sn atoms. 

Each Co atom is bonded to six Sn atoms forming a trigonal prism (Figure 2.9).  This 

arrangement allows 2 Co1 trigonal prisms to share vertices with four Co2 prisms along the [100], 

[010], and [001] directions.
14

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9  The structure of Er5Co6Sn18 showing the Co1Sn6 (gold) and Co2Sn6 (green) 

trigonal prisms. Sn atoms are red spheres. Ln atoms have been removed for clarity.   

 



32 

 

The arrangement of the CoSn6 trigonal prisms create holes occupied by Ln1 and Ln2.  

The distances between the Co1 and Sn atoms range from 2.5792(17) to 2.717(3) Å for 

Er5Co6Sn18, and 2.579(3) to 2.713(4) Å for Tm5Co6Sn18.  Co2-Sn distances range from 2.590(2) 

to 2.703(2) Å for Er5Co6Sn18, and 2.590(3) to 2.698(3) Å for Tm5Co6Sn18.  The above distances 

are similar to that observed in the Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd and Tb) compounds where 

Co is bonded to six equivalent Sn atoms (Sn2), with bond distances ranging from 2.6073(3) Å to 

2.5878(4) Å for Pr to Tb.
21

   

2.3.5  Structural Comparisons 

The size and oxidation number of the rare-earth metal is believed to influence the 

formation of a particular phase in the Ln-M-Sn system.  In Yb3Rh4Sn13, Yb is divalent and thus 

has a relatively larger ionic radius which allows for the formation of the cubic ( nPm3 ) Phase I 

structure.
11, 16

  However, when pressure is applied to the structure, the Yb ion can be changed 

from a divalent state to a mixed valent state, thus transforming the structure to the cubic ( mFm3

) Phase III a ~ 13 Å structure type.
16

  Smaller rare-earth metals tend to form either the tetragonal 

Phase II or the cubic Phase III compounds.  An understanding of the bonding in the various 

cuboctahedra may lead to a better understanding of the transition from one phase to another.   

In the compounds Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd and Tb), Ln7Co6Sn23 (Ln = Dy, Ho) 

and Ln5Co6Sn18 (Ln = Er, Tm), the LnSn12 cuboctahedra have bond distances that are comparable 

to the sum of the atomic radii of their respective rare-earth and Sn,
39

 however, the differences in 

the various cuboctahedral units lie in the way they are distorted.  Table 2.12 is a comparison of 

the bond distances and bond angles of Ln3Co4Sn13, Ln7Co6Sn23 and Ln5Co6Sn18. 
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Table 2.12  Comparison of Interatomic Distances Between Ln3Co4Sn13, Ln7Co6Sn23 and 

Ln5Co6Sn18  

 

[LnSn12] Cuboctahedra Interatomic Distances (Å) 

 

Ln3Co4Sn13   Ln7Co6Sn23   Ln5Co6Sn18  

Pr-Sn2 (x 4) 3.3974(5) Dy1-Sn3 (x 6) 3.3512(5) Er1-Sn1 (x 2) 3.326(2) 

Pr-Sn2 (x 8) 3.3278(7) Dy1-Sn5 (x 6) 3.3523(5) Er1-Sn1 (x 2) 3.326(2) 

        Er1-Sn5 (x 4) 3.3096(15)  

        Er1-Sn6 (x 4) 3.2884(15)  

      

[CoSn6] trigonal prisms Interatomic Distances (Å) 

 

Ln3Co4Sn13   Ln7Co6Sn23   Ln5Co6Sn18 

Co-Sn2(x 6) 2.6073(3) Co-Sn1 2.7645(10) Co1-Sn4 (x 2)  2.717(3) 

    Co-Sn2 2.6598(12) Co1-Sn5 (x 2)  2.5792(17) 

    Co-Sn3 (x 2) 2.6076(8) Co1-Sn6 (x 2)  2.5986(17) 

    CoSn5 (x 2) 2.5793(8)  

             

        Co2-Sn1  2.572(3) 

        Co2-Sn2  2.590(3) 

        Co2-Sn4 (x 2)  2.589(3) 

        Co2-Sn5  2.698(3) 

 

The cuboctahedra in the Ln7Co6Sn23 (Ln = Dy, Ho) compounds are less distorted, with the 

Ln1-Sn3 and Ln1-Sn5 bond distances in the range of  ~ 3.3512(5) Å and ~ 3.3523(5) Å,  and the 

Sn3-Ln1-Sn3 and Sn5-Ln1-Sn5 bond angles almost the same ~ 60.969(15)º and  ~ 60.09º.  In 

comparison, the cuboctahedra in Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd and Tb) and Ln5Co6Sn18 (Ln 

= Er, Tm) show more distortion.  The Ln-Sn bond distances range from 3.3278(7) Å to 3.3974(5) 

Å and 3.2884(15) Å to 3.326(2) Å for the Ln3Co4Sn13 and Ln5Co6Sn18 structure types, 

respectively  Their respective bond angles are between  ~ 63.962(2)º - 63.744(11)º for 

Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd and Tb) and ~ 60.442(16)º - 62.63(2)º for Ln5Co6Sn18 (Ln = Er, 

Tm).  Thus, the distortion in the compound Ln5Co6Sn18 is a result of both bond distances and 

bond angles compared to Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd and Tb) which is distorted only by 

the ratios of bond distances.
21

  The compounds Ln7Co6Sn23 (Ln = Dy, Ho) show a distortion 

closest to unity.  The trigonal prisms have similar bond distances and corresponding bond angles 



34 

 

(Table 2.12).  The trigonal prisms contained in the Ln3Co4Sn13 compounds have the same bond 

distances ~ 2.6073 Å and bond angles ~ 86.12º.
21

  However, the trigonal prisms in Ln7Co6Sn23 

and Ln5Co6Sn18 exhibit distortion with the Co-Sn bond distances ranging from ~2.579 Å to 

2.7645 Å for Ln7Co6Sn23 and corresponding bond angles of ~ 75.26(2)º to 86.92(4)º.  The Co 

trigonal prisms in Ln5Co6Sn18 manifests the most distortion with the Co1Sn6 trigonal prism bond 

distances ranging from 2.5792(5) Å to 2.717(2) Å and bond angles between ~ 86.17º(4) and 

78.59(6)º.  The Co2Sn6 trigonal prisms show a great deal of distortion in the Sn-Co-Sn bond 

angles which are between ~ 50.68(7)º to 78.81(2)º and the Co-Sn bond distances which are 

between 2.572(5) Å to 2.701(2) Å.  Thus, as a function of rare-earth metals, there seems to be 

more distortion in the CoSn6 trigonal prisms with compounds containing heavier rare-earth 

elements compared to lighter rare-earth elements. 

2.3.6  Physical Properties of Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd and Tb) 

The temperature dependent magnetic susceptibility of Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd 

and Tb) for an applied field of 0.1 T is shown in Figure 2.10.  Pr3Co4Sn13, Sm3Co4Sn13, 

Gd3Co4Sn13, and Tb3Co4Sn13 all show antiferromagnetic transitions at 2.31 K, 6.6 K, 12.5 K, and 

10.8 K respectively whilst the compound Nd3Co4Sn13 shows paramagnetic ordering down to a 

low temperature of 1.8 K.  A linear fit to the inverse susceptibility data was used to obtain the 

effective magnetic moments of Ln4Co3Sn13 (Pr, Nd, Sm, Gd and Tb).  All the compounds obey 

Curie-Weiss law (χ = C/(T- θ) with θ values of -7.4, -27.2, -27.5,-24.4 and -17.3 for Pr, Nd, Sm, 

Gd and Tb analogues respectively.  The negative values of the Weiss constants indicate the 

antiferromagnetic nature of Pr3Co4Sn13, Sm3Co4Sn13, Gd3Co4Sn13, and Tb3Co4Sn13.  The negative 

value for Nd3Co4Sn13 suggests antiferromagnetic behavior for the compound.  The experimental 

effective moments were 3.25 B, 3.51 B 0.68 B, 7.93 B, and 10.44 Bfor the Pr, Nd, Sm, Gd, 
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and Tb analogues, respectively.  These values are close to the expected values for their Ln
3+

 free 

ions.   

 

 

 

 

 

 

 

 

 

 

The field dependence of magnetization taken at 3 K is shown in Figure 2.11.  Apart from 

Gd3Co4Sn13, which shows a linear dependence of magnetization with increasing field, the other 

analogues show signs of saturation below their respective saturation moments.  Figure 2.12 

shows a plot of electrical resistivity (ρ) as a function of temperature for Ln3Co4Sn13 (Ln = Pr, Nd, 

Sm, Gd and Tb).  The plots indicate metallic behavior for each compound, as the resistivity 

increases with increasing temperature.  This phenomena is similar to the analogues containing 

the transition metals Rh and Ir where the Ce analogues are semiconducting and the rare-earth 

analogues with Ln =Pr, Nd, Sm and Gd, display metallic behavior.
6, 20

  Dips are observed in the 

resistivity plots of Pr3Co4Sn13, Nd3Co4Sn13 and Tb3Co4Sn13 at 3.7 K.  The dips are likely due to 

Sn (Tc ~ 3.7 K) inclusions in the aforementioned single crystals.  The Nd-analogue shows the 

lowest resistivity at room temperature with a value ~104.52 μΩ-cm.  The residual resistivity 
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Figure 2.10  Magnetic susceptibility (χ) for Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd, Tb) at an 

applied field of 0.1 T. 
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ratios (RRR = ρ298K/ρ2K) for Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd and Tb) are 2.13, 2.30, 1.26, 2.58 

and 1.55, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.7  Physical Properties of Yb3Co4Sn12.79 

As stated earlier the physical properties of Yb3Co4Sn12+x (x = 0.79 and 0.90) do not 

change with composition, thus we report the physical properties of Yb3Co4Sn12.79 in this 

Figure 2.11  Field dependent magnetization M (H) at 3 K for Ln3Co4Sn13 (Ln = Pr, Nd, Sm, 

Gd, and Tb). 
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Figure 2.12 Resistivity as a function of temperature for Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd,and Tb) 
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dissertation.   Figure 2.13a shows the temperature dependence of electrical resistivity (ρ) between 

2 and 350 K at both zero field and 8 Tesla for a single crystal of Yb3Co4Sn12.79.  In both cases, 

the resistivity decreases with decreasing temperature reflecting metallic behavior.  At high 

temperatures, it varies more or less linearly with temperature.  Below ~ 150 K, ρ(T) departs 

slowly from high-temperature behavior, i.e., decreasing faster than the high-temperature case.  

While there is small upturn below ~ 10 K under 8 Tesla (Figure 2.13d), a sharp drop occurs in 

the zero-field resistivity at Tc = 3.8 K (Figure 2.13c). Although polycrystalline sample showed 

similar character in zero-field resistivity,
14

 we note several differences: (1) the resistivity ratio 

ρ(4K)/ρ(300K) ~ 0.36 for our single crystal, considerably smaller than that of polycrystalline 

sample; (2) there is no sign of saturation of ρ(T) up to at least 350 K (Figure 2.13a); (3) the step-

like resistivity drop (Figure 2.13c) suggests filamentary superconductivity in single crystals of 

Yb3Co4Sn12.79, in contrast with bulk superconductivity observed in the polycrystalline sample.
14

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13  (a) Temperature-dependent electrical resistivity of Yb3Co4Sn12.79 at H = 0 and H = 

8 T (b) The temperature-dependent magnetoresistance of Yb3Co4Sn12.79 (c) A zoomed portion  

of the electrical resistivity of Yb3Co4Sn12.79 (d) Low temperature resistivity of Yb3Co4Sn12.79 at  

H = 8 T. 
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In order to elucidate the origin of the anomalies observed in the electrical resistivity, the 

temperature dependent magnetic susceptibility of Yb3Co4Sn12.79 was investigated.  Figure 2.14 

shows the zero-field-cooling (zfc) and field-cooling (fc) magnetic susceptibility of Yb3Co4Sn12.79 

at H = 1000 Oe.  The magnetic susceptibility increase with decreasing temperature, without 

obvious hysteresis, suggesting that the system is paramagnetic without long-range magnetic 

ordering.  However, both χzfc and χfc are apparently different when measured at 10 Oe as shown 

in the inset of Figure 2.14.  Below Tc = 3.8 K, a diamagnetic signal is observed in χzfc and χfc.  

Note that χzfc << χfc, indicating that the superconducting volume is very small.  As Tc is close to 

that of elemental Sn (Tc = 3.72 K), it is possible that there is Sn flux remaining in the crystals 

that contribute to the diamagnetism observed and provides a low-resistivity path.  This is further 

confirmed by the field dependence of the magnetization at T = 1.8 K, as shown in Figure 2.15a.  

The upper critical field at 1.8 K is Hc2 ~ 290 Oe, close to that for Sn.   

 

Figure 2.14  Zero- field cooled (black circles) and field cooled (red circles) magnetic  

susceptibility (χ) of Yb3Co4Sn12.79 at H = 0.1 T.  The inset shows a zoomed portion  of the  

magnetic susceptibility at H = 0.001 T. 
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The intrinsic physical properties of Yb3Co4Sn12.79 may be identified when the 

superconductivity of Sn inclusions is completely suppressed by applying a high magnetic field.  

Therefore, the magnetic susceptibility measured at 1000 Oe should reflect the magnetic behavior 

of Yb3Co4Sn12.79 single crystals (Figure 2.14).  Similar to the case for the polycrystalline sample, 

our magnetic susceptibility data between 50 and 350 K can be fit using Curie-Weiss law  = 0 + 

C/(T-CW), where 0 is the T-independent susceptibility, C is the Curie-Weiss constant, and CW 

is the Curie-Weiss temperature.  As can be seen in Figure 2.14, the data is well described by the 

Curie-Weiss formula represented by the solid line, with 0 ~ 1.3110
-4

 cm
3
/mol, C = 0.65 K 

cm
3
/mol and CW ~ -64.2 K.  The constant C gives an effective moment μeff ~ 2.27μB/formula 

unit or 0.75μB/Yb, where μB is the Bohr magneton.  This is slightly smaller than that obtained 

from the polycrystalline sample (1.1μB/Yb).
27

  On the other hand, the value of CW for our single 

crystals is much larger than that for polycrystalline sample (-15 K), [14] implying stronger 

magnetic interactions in the former case.  Nevertheless, the negative CW suggests 

antiferromagnetic (AFM) magnetic interactions.  Such a system is expected to exhibit positive 

 
Figure 2.15  Field-dependent magnetization, M (H), of Yb3Co4Sn12.79 at (a) T = 1.8 K  

and (b) T = 3 K. 

 



40 

 

magnetoresistance (MR), as the application of a magnetic field tends to reduce AFM 

interactions, resulting in an increase in spin scattering.  Surprisingly, the temperature dependence 

MR shown in Figure 2.13b indicates that MR is negative at high temperatures but positive below 

~ 80 K.  This suggests that the magnetic interactions are more complicated than a simple 

antiferromagnet.  This is further evident by the low-temperature M(H) of Yb3Co4Sn12.79 single 

crystals shown in Figure 2.15b.  M deviates from linearity, and tends to saturate in high fields at 

2 and 10 K, suggesting that ferromagnetic (FM) type magnetic interactions are dominant at low 

temperatures and high fields. 

As introduced earlier, many Remeika compounds exhibit heavy fermion behavior at low 

temperatures.  Figure 2.16 shows the temperature dependence of specific heat (Cp) of 

Yb3Co4Sn12.79 single crystals between 1.8 and 200 K.  As expected, specific heat decreases with 

decreasing temperature, without an apparent anomaly over the entire temperature range.  For 

clarity, we replot the low-temperature (1.8 to 10 K) specific heat data as Cp/T versus T
2
 in the 

inset for Yb3Co4Sn12.79.  The absence of a specific heat peak at Tc is consistent with the picture of 

filamentary superconductivity, but a small anomaly is observed at 2.3 K which may be attributed 

to a small amount of Yb2O3 impurity, as suggested in Ref. [27].
27

  This is also consistent with the 

upturn observed in the fc susceptibility shown in the inset of Figure 2.14.  Nevertheless, the the 

application of 8 T field suppresses the low-temperature specific heat anomaly (see the inset of 

Figure 2.16). The specific heat data cannot be fitted well by Cp/T = γ + 3T
2 

(3 is a constant), as 

Cp/T versus T
2
 is not linear.  We therefore fit the low-temperature specific heat using Cp(8T)/T = 

γ + 3T
2 

+ 5T
4
, where the second and third terms describe phonon contributions (5 is a 

constant).  From the results we obtain γ value ~ 44.5 mJ/mol (F.U.)-K
2
, and a Debye temperature 
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D = 182.8 K obtained through relationship 3 = 



12 4RN

5D
3

 (R = 8.314 J/mol K, and N is the 

number of atoms per formula), similar to that of the polycrystalline sample reported in Ref. [27]. 

 

 

 

 

 

 

 

 

 

 

 

As reported previously the magnetism in Ln3Co4Sn13 (Ln =Ce-Nd, Sm, Gd and Tb)
20, 21

 

compounds is influenced by the lanthanide ion and Co is nonmagnetic in the structure.  The 

calculated effective moment of Yb in Yb3Co4Sn12.79 is ~ 0.75 μB implying that the oxidation state 

of Yb is close to a 2+ oxidation state.  The Yb-Sn2 distances (Table 2.19) for Yb3Co4Sn12.79 and 

Yb3Co4Sn12.90 are well within σ
2
 standard deviation, indicating the interatomic distances in both 

compounds are similar.  The similarity in bond distance can account for the similarities observed 

in the magnetic properties of single crystals of and Yb3Co4Sn12.79 and Yb3Co4Sn12.90 (not shown).  

 The Hc value obtained from the polycrystalline sample reported by Mudryk et al. was 

calculated using the relationship (0) = 0.168, which obtained a Hc value of 2.5 T.
27

 using 

the same relationship and values from our specific heat and resistivity data yield an Hc value of 

 

Figure 2.16. Zero-field specific heat of Yb3Co4Sn12.79 as a function of temperature. The inset 

shows Cp/T vs.T
2
 at (a) H = 0 and (b) H = 8 T. 
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3.8 T.  The upper critical field obtained from field dependent magnetization experiments at 1.8 T 

is 0.29 Oe. Mudryk et al. did not perfume field dependent magnetization experiments to 

determine Hc as we did.  Also we have demonstrated that the superconductivity observed in 

single crystals of Yb3Co4Sn12.79, is granular and results from Sn inclusions.   

2.3.8  Physical Properties of Ln7Co6Sn23 (Ln = Dy, Ho) and Ln5Co6Sn18 (Ln = Er, Tm)  

Figure 2.17 shows the temperature dependent inverse magnetic susceptibility (1/χ) at an 

applied field of 0.1 T.  Above 10 K, all of the compounds obey the Curie law, as they display a 

linear temperature dependence to their inverse susceptibility.  Only Dy7Co6Sn23 shows a 

signature of magnetic ordering below 10 K (Figure 2.17 inset), consistent with ferromagnetic (or 

possibly ferrimagnetic) ordering near 7 K.  From linear fits to the data the effective magnetic 

moment for Dy7Co6Sn23 and Ho7Co6Sn23 are 9.21 and 9.72 μB, respectively.  The reduction in 

the effective magnetic moments of the above compounds can be attributed to crystal field effects. 

A negative value of θWeiss = -7.2 K for Dy7Co6Sn23 indicates that weak magnetic interactions 

exist between the local moments in this material.  Ho7Co6Sn23 has a θWeiss value close to zero.  

Both Er5Co6Sn18 and Tm5Co6Sn18 are Curie paramagnets down to 2 K, with θWeiss ~ 0 K 

obtained from the inverse susceptibility plot.  The effective moments of Er5Co6Sn18 and 

Tm5Co6Sn18 are 8.82 and 7.90 μB, respectively.  Although the effective moment of Er5Co6Sn18 is 

not close to the calculated moment of Er
3+

 = 9.58 μB, the low value of 8.82 μB is similar to that 

observed in the reentrant superconductor Er5Rh6Sn18, where the effective moment is ~ 8.66 μB.
31

  

This low value can be attributed to the doublet ground state close to the ±J state of Er
3+

 with J = 

15/2 and gJ = 6/5.
31

  Figure 2.18 shows the field dependent magnetization M (H) at 3 K for 

Ln7Co6Sn23 (Ln = Dy, Ho) and Ln5Co6Sn18 (Ln = Er, Tm), Dy7Co6Sn23, Ho7Co6Sn23, Er5Co6Sn18, 

and Tm5Co6Sn18 show signs of saturation at 5.71, 7.06, 6.62, and 3.04 μB, respectively well 

before their respective saturation moments. A plot of resistivity as a function of temperature for 
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Ln7Co6Sn23 (Ln = Dy, Ho) and Ln5Co6Sn18 (Ln = Er, Tm) is shown in Figure 2.19.  All 

compounds exhibit metallic behavior, as resistivity increases with an increase in temperature. 

The residual resistivity ratios (RRR) for Ln7Co6Sn23 (Ln = Dy, Ho) are 1.0 and 1.8.  A transition 

is observed around 3.7 K for the Ho7Co6Sn23, Er5Co6Sn18 and Tm5Co6Sn18 compounds.  This 

transition can be attributed to impurities of Sn (Tc ~ 3.7 K), as no diamagnetic behavior was 

observed in the magnetization data. 
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Figure 2.17  1/χ vs T for Ln7Co6Sn23 (Ln = Dy, Ho) and Ln5Co6Sn18 (Ln = Er, Tm).  The inset 

shows the low temperature data for Dy7Co6Sn23. 
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Figure 2.18  Field dependent magnetization M (H) at 3 K for Ln7Co6Sn23 (Ln = Dy, 

Ho) and Ln5Co6Sn18 (Ln = Er, Tm) 
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CHAPTER 3.  CRYSTAL GROWTH, TRANSPORT AND MAGNETIC PROPERTIES 

OF YbCoGa5
*
 

3.1  Introduction 

Heavy fermion materials are intermetallic compounds whose f-electrons couple strongly 

with conductive electrons, resulting in the effective mass becoming  ~ 100 times greater than that 

of a free electron.
1, 2

  Heavy fermions possess large Sommerfeld or electronic specific heat 

coefficients (γ), which are about two orders of magnitude to that of ordinary metals (Cu γ ~ 1 mJ 

mol
-1 

K
-2

) and are obtained from heat capacity measurements.
2
  A characteristic of heavy fermion 

behavior is the instability of the f electronic configuration.
3
  Ce ions can have an outer electronic 

configuration of 4f
1 

(Ce
3+

) or 4f
0
 (Ce

4+
).  Because the ground states of 4f

1
 and 4f

0 
are close in 

energy, it is possible for fluctuations to occur between both oxidation states (Ce
3+

/Ce
4+

).  

Likewise, it is also possible for Yb to fluctuate between Yb
3+

/Yb
2+

.  Due to the similarities 

between Ce ions and Yb ions, Yb can be viewed as the hole analogue of Ce.  Recently we have 

focused our efforts to find Yb based compounds that display both heavy fermion behavior and 

superconductivity.
4
  Nakatsuji et al. have reported superconductivity (Tc = 80 mK) and heavy 

fermion behavior (γ ~ 150 mJ mol
-1 

K
-2

) in β-YbAlB4, which is the first ytterbium-based heavy 

fermion superconductor.
4-6

 

The discovery of superconductivity in the heavy fermion compound CeRhIn5
7
 led to the 

study of its structurally related compounds with the formula CenMIn3n+2 (n = 1, 2, ∞; M = Co, 

Rh, Ir).
8-13

  These compounds display heavy fermion behavior with the coexistence of 

superconductivity and magnetism.
8-13

  The heavy fermion compound CeRhIn5 (γ ~ 400 mJ mol
-

1
K

-2
) superconducts below 2.1 K at a pressure of 1.6 GPa.

7
  CeCoIn5 (γ ~ 290 mJ mol

-1
K

-2
) 

and CeIrIn5 (γ ~ 750 mJ mol
-1

K
-2

) superconduct at 2.3 K and 0.4 K, respectively under ambient 

pressure.
8, 9

  The n = 2 members include Ce2RhIn8 (γ ~ 400 mJ mol
-1

K
-2

) which superconducts at 

*
Reprinted by permission of American Chemical Society: Okudzeto, E. K; Kuga, K.; Nakatsuji, S.; Chan, J. Y.; 

“Crystal Growth, Transport, and Magnetic Properties of YbCoGa5”, Cryst. Growth Des. 2009, 9, 1956-1959. 
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2 K under an induced pressure of 2.3 GPa.
10

  Ce2CoIn8 (γ ~ 400 mJ mol
-1

K
-2

) superconducts at 

0.4 K while Ce2IrIn8 (γ ~700 mJ mol
-1

K
-2

) is paramagnetic.
11, 12

 

The structure and magnetic properties of YbCoIn5, YbRhIn5 and YbIrIn5 have previously 

been reported.
14-17

  YbCoIn5 displays Pauli paramagnetic behavior,
16

 while YbRhIn5 and YbIrIn5 

are diamagnetic with Yb in the +2 oxidation state.
17

  Grin et al. reported the structure of 

LnCoGa5 with Ln = Y, Gd-Tm and Lu.
18

  The magnetic properties of LnCoGa5 (Ln = Tb-Tm) has 

been reported by Hudis et al.
19

  The compounds with Ln = Tb, Dy and Ho order 

antiferromagnetically at low temperatures, while the Er and Tm analogues show no sign of 

magnetic ordering down to 2 K.
19

  Previous attempts to synthesize single crystals of YbCoGa5 

resulted in the synthesis of YbCo2Ga8.
19, 20

  Our detailed investigation of the Yb-Co-Ga system 

has led us to succeed in the synthesis of high quality single crystals of YbCoGa5 for the first 

time.  We present herein the crystal growth, structure, magnetic, specific heat and transport 

properties of YbCoGa5.   

3.2  Experimental 

3.2.1  Synthesis 

Single crystals of YbCoGa5 were grown in gallium flux using the constituent elements 

(Yb, 99.9 %, Co, 99.998 %, and Ga, 99.99999 %) all purchased from Alfa Aesar and used as 

received.  The constituent elements were combined in a 2:1:10 (Yb:Co:Ga) molar ratio, covered 

with quartz wool and sealed into an evacuated fused-silica tube.  The sample was then heated to 

1323 K dwelled for 48 h, and slowly cooled to 550 K at a rate of 5 K/h.  Excess gallium flux was 

separated from the crystals by centrifugation.  When necessary, topical flux was removed by 

immersing the recovered crystals in hot water, as well as etching in dilute HCl.  Crystals 

obtained from the above synthesis method were plate-like in nature, with maximum dimensions 
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of ~ 0.5 x 3 x 4 mm
3
.  Figure 3.1 shows a picture of a single crystal of YbCoGa5.  Multiple 

crystals were selected for characterization by single crystal X-ray diffraction. 

 

 

 

 

 

 

3.2.2  Single Crystal X-ray Diffraction and Elemental Analysis 

Crystal fragments with dimensions of ~ 0.03 x 0.03 x 0.03 mm
3
 were mechanically 

selected for the structural analysis of YbCoGa5.  The crystals were glued onto the tip of a glass 

fiber and mounted on a Nonius Kappa CCD diffractometer outfitted with Mo Kα radiation (λ = 

0.71073Å).  Data collection was taken at 298 K.  Additional crystallographic parameters are 

included in Table 3.1.  The crystal structure of YbCoGa5 was solved with direct methods using 

SHELXS97 and refined using SHELXL97.
21

  The model of the refined structure was compared 

to the parent compound HoCoGa5.
18

  After refinement the data were corrected for extinction 

effects and the displacement parameters were refined as anisotropic.  A list of atomic positions, 

Wyckoff symmetry, and anisotropic displacement parameters are shown in Table 3.2.  Electron 

micro-probe analysis was performed on single crystals of YbCoGa5 to determine the relative 

amount of impurities in the compound.  The elemental analysis was performed using a JEOL 

JSM-5060 scanning electron microscope equipped with an energy dispersive spectrometer.  The 

 

Figure 3.1  Photograph of a single crystal of YbCoGa5 grown with Ga flux. 
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accelerating voltage was 15 kV with a beam to sample distance of 20 mm.  The average 

elemental ratio obtained was Yb: Co: Ga = 1: 0.98: 5.10, with an error of ~ 3 %.   

Table 3.1  Crystallographic Parameters for YbCoGa5 

Compound  YbCoGa5 

Space Group  P4/mmm  

a (Å)   4.190(1) 

c (Å)   6.727(3) 

V (Å
3
)   118.10(7) 

Z   1 

Dimensions (mm
3
) 0.03 x 0.03 x 0.03 

Temperature (K) 298(2) 

ρ (g/cm
3
)  8.163 

θ Range  3.03 - 31.84 

Collected reflections 364 

Unique reflections 144 

h   -5 <  h <  5  

k   -4 <  k <  4 

l   -9 <  l <  8 

Δρmax (eÅ
-3

)  2.724 

Δρmin (eÅ
-3

)  -1.467 

R1 (F)
a
   0.0194 

Rw
b
   0.0530          

a
R1 = Σ||Fo| - |Fc||/Σ|Fo| 

b
Rw = [Σ [w (Fo

2
 - Fc

2
)

2
]/ Σ [w (Fo

2
)

2
]]

1/2; w = 1/[σ2
(Fo

2) + (0.0241P)2 + 0.4441P] 

 

Table 3.2  Atomic Positions and Thermal Parameters for YbCoGa5  

Atom Wyckoff site  x  y  z  Ueq (eÅ
2
)
 a

 

 

Yb  1a  0  0  0  0.0009 (3)  

Co  1b  0  0  ½  0.0015 (4)  

Ga1  1c  ½   ½  0  0.0052 (4)  

Ga2  4i  0  ½  0.30735(13) 0.0049 (3) 

 
a
Ueq is defined as one-third of the trace of the orthogonalized Uij tensor 
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3.2.3  Physical Property Measurements 

Magnetic susceptibility measurements were performed using a Quantum Design 

Magnetic Property Measuring System.  Data were collected over a temperature range of 2–300 

K.  The susceptibility measurements were performed on different crystals of YbCoGa5 for each 

direction.  Electrical resistivity data was measured using the four probe method using a Quantum 

Design Physical Property Measuring System, with the current applied in the plane of the sample.  

Specific heat measurements were performed with a Quantum Design PPMS using a thermal 

relaxation method from 50 K down to 0.35 K.  Resistivity measurements performed on single 

crystals of YbCoGa5 show no superconducting transition associated with Ga.  This confirms the 

absence of excess Ga flux. 

3.3  Results and Discussion 

3.3.1  Structure  

YbCoGa5 crystallizes in the tetragonal HoCoGa5 structure type in the space group 

P4/mmm.
18

  The crystal structure of YbCoGa5 is shown in Figure 3.2, and consists of YbGa12 

cuboctahedra and CoGa2 rectangular prisms.  YbCoGa5 can be viewed as a variant of the AuCu3 

and PtHg2 structure types with the YbGa12 cuboctahedra separated by the CoGa2 rectangular 

prisms. 

Figure 3.3 shows a plot of the cell volume of LnCoGa5 (Ln = Gd-Yb).
18

  The cell volumes 

decrease from Gd to Lu as expected due to the lanthanide contraction.  The volume of YbCoGa5 

shows a positive deviation in the plot, indicating that ytterbium is intermediate-valent or 

divalent.  A similar phenomenon is seen in the LnRhIn5 and LnCoIn5 series with Ln = La-Lu 

where a positive deviation is seen in the cell volume of Yb.
22

  Figure 3.4 shows a plot of lattice 

parameters of LnCoGa5 (Ln = Sm-Yb).
18, 23

  The c lattice parameter of YbCoGa5 is in between 
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that of Er and Ho.  In contrast, the a and c lattice parameters of YbRhIn5 are between those of 

SmRhIn5 and GdRhIn5, indicating a divalent state for 

 

 

 

 

 

 

 

 

 

Yb.   

 

 

 

 

 

 

 

 

 

 

Figure 3.2  The crystal structure of YbCoGa5 is shown along the c-axis.  Yb, Co and Ga atoms 

are represented as orange, green and blue spheres, respectively. 

 

Figure 3.3  Cell volume of LnCoGa5 (Ln = Gd-Lu) as a function of lanthanide.  Data for the  

Gd, Tb, Dy, Ho, Er, Tm and Lu analogues were obtained from Ref (12). 
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3.3.2  Physical Properties  

Figure 3.5 shows the temperature dependent magnetic susceptibility of YbCoGa5 at 0.1 T 

and 1 T from 2-300 K.  The susceptibility measurements were obtained with an applied field 

parallel to the c-axis and the ab-plane.  The results from both directions indicate temperature 

independent paramagnetic behavior, which is indicative of a Pauli paramagnet and similar to the 

isostructural compound YbCoIn5.
16

  However, negative susceptibility corresponding to 

diamagnetism, is observed on single crystals of YbRhIn5 and YbIrIn5.
17

  At low temperatures a 

strong upturn is seen in χ (T) of YbRhIn5 and YbIrIn5 which is believed to be due to 

paramagnetic impurities.
17

  The absence of a low temperature upturn in the susceptibility of 

YbCoGa5 indicates that our crystals are free of such impurities. 
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Figure 3.4  Lattice parameters of LnCoGa5 (Ln = Sm-Lu) as a function of lanthanide.  Data for 

the Sm, Gd, Tb, Dy, Ho, Er, Tm and Lu analogues were obtained from Ref (12) and (20). Lines are  

drawn to guide the eye. 
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Figure 3.6 shows the temperature dependence of the specific heat divided by temperature 

(C/T) for YbCoGa5.  At temperatures much lower than the Debye temperature, the specific heat 

of a normal metal can be fit to C = T + αT
3
, namely, the sum of the heat capacity contributions 

from the electrons and phonons, respectively.  The equation fits well with the experimental data 

below 6 K, as shown in the inset of Figure 3.6, and gives   ~ 11.2 mJ/mol K
2
 and D  = 220 K.  

We observe much smaller values of  and  at low temperatures in YbCoGa5 than in YbAlB4,
4, 5

 

suggesting that ytterbium is indeed divalent.  The γ value and Debye temperature in YbCoGa5 

are similar to those observed in the f
14

 containing compound LuCoGa5 (γ ~ 6 mJ/mol K
2
 and D 

= 180 K).
24

  The similarity in values confirms that Yb in YbCoGa5 is likely to be in a f
14

 state 

and divalent. 
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Figure 3.5  Temperature-dependence of the magnetic susceptibility (χ) of YbCoGa5 at H = 

0.1 T, where open triangles and circles represent crystal orientation parallel to the ab plane 

and c-axis, respectively. 
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Figure 3.6  Zero-field specific heat of YbCoGa5 as a function of temperature. The 

inset shows Cm/T vs.T
2
 of YbCoGa5. 
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Figure 3.7  Temperature-dependent electrical resistivity of YbCoGa5. 
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Figure 3.7 shows the temperature dependence of electrical resistivity for YbCoGa5.  

YbCoGa5 displays normal metallic behavior, unlike the Kondo behavior observed in YbAlB4.
5
  

The electrical resistivity of YbCoGa5 shows a T
5
 relationship, indicating lattice contributions at 

temperatures lower than the Debye temperature.  This means that the electron correlation effect is 

hardly seen in the temperature dependence of the resistivity and suggests again that ytterbium is 

indeed divalent.  The residual resistivity ratio, RRR = ρ300 K/ρ0 for YbCoGa5 is 150, indicating 

high crystal quality.   The residual resistivity values reported for LnCoGa5 (Ln = Tb-Tm) are ~ 10 

for all analogues, indicating defects and disorder in the crystals.
19

 

 

3.4  Summary 

 

We have synthesized single crystals of YbCoGa5 for the first time. The crystals have been 

characterized by single crystal X-ray diffraction.  Magnetic and specific heat measurements 

indicate Yb in YbCoGa5 is in a divalent state.  The residual resistivity ratio obtained from 

resistivity measurements indicates high crystal quality of YbCoGa5 crystals. 
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CHAPTER 4.  CRYSTAL GROWTH, TRANSPORT, MAGNETIC AND MÖSSBAUER 

PROPERTIES OF Ln4FeGa12 WITH Ln = Y, Tb, Dy, Ho, AND Er 

4.1  Introduction  

Several compounds in the Ln-M-Ga family, where Ln is a lanthanide and M is a transition 

metal, display strongly correlated electron behavior, such as magnetic ordering, 

superconductivity, heavy fermion behavior, and large magnetoresistance.
1
  For example, several 

recently studied
2,3

 compounds in the Ln-M-Ga family, where M is Ni, Pd, and Pt, exhibit large 

positive magnetoresistance of up to ca. 200 % for La2NiGa12 and Ce2PdGa10.  Previously, we 

have grown single crystals of Ln4MGa12, where Ln is Tb, Dy, Ho, and Er; and M is Pd and Pt.
5,6

 

The Pt-analogues with Dy, Er, and Ho display a large positive magnetoresistance of 50, 220, and 

900 %, respectively.
6
 

In order to study the role of magnetic transition metals in lanthanide-gallium compounds we 

have explored several phases in the Ln-Fe-Ga system.  This study has been motivated by the 

wide variety of thermal, electric, and magnetic properties of the iron containing AFe4Sb12 

skutterudites, where A, the so-called filling or rattling atom or ion, is an electropositive metal or 

ion.  Depending on the nature of the electropositive metal, i.e., the filling atom, in the filled 

skutterudites, the iron sublattice may or may not exhibit a magnetic moment.  Whereas in most 

rare-earth and thallium filled skutterudites
9,10

 the iron atoms do not carry any magnetic moment, 

in the filled NaFe4Sb12 and KFe4Sb12 skutterudites the iron sublattice displays ferromagnetic 

ordering with an effective magnetic moment of 1.6 B per iron.
7,8

  In contrast, LaFe4Sb12 exhibits 

paramagnetic behavior,
9
 and the mixed valent Yb-filled YbFe4Sb12 skutterudite exhibits no 

magnetic moment on the iron sublattice, as is indicated by the magnetic and Mössbauer spectral 

measurements.
10

  With the goal of studying the effect of transition metals on the magnetization 

of the Ln4MGa12 compounds, we have synthesized Ln4FeGa12, where Ln is Y, Tb, Dy, Ho, and 
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Er. Herein, we report the crystal growth, magnetic and transport measurements, structural 

properties, and Mössbauer spectral studies of these new Ln4FeGa12 compounds. 

4.2  Experimental 

4.2.1  Synthesis 

Single crystals of Ln4FeGa12, where Ln is Y, Tb, Dy, Ho, and Er, were synthesized from their 

constituent elements by using Ln metals of at least 99.9 % purity, Fe of 99.998 % purity, and Ga 

of 99.99999 % purity.  All the starting materials were obtained from Alfa Aesar and used as 

received.  The elements were combined in a 1:1:20 molar ratio in an alumina crucible, covered 

with quartz wool, and sealed in an evacuated fused-silica tube.  Each sample was then heated to 

1423 K for 24 h and slowly cooled to 773 K at a rate of 15 K/h.  Excess Ga flux was removed 

from the synthesized crystals by centrifugation, and when necessary, topical flux was removed 

by etching the recovered crystals in concentrated HCl.  The LnGa6 and Fe3Ga4 binary 

compounds were the dominant phases formed in the above synthesis and the minor phase 

consisted of cubic crystals of Ln4FeGa12, crystals with a maximum dimension of 0.5 mm.  

In order to determine whether the unexpected magnetic properties of Y4FeGa12 were intrinsic 

or extrinsic, we varied the reaction profiles and conditions to optimize its synthesis; reaction 

profiles with reaction ratios of 2:1:20, 1:5:20, 1:1:10, and with various dwell times were used.  

All these reaction profiles resulted in YGa6 and Fe3Ga4 as the dominant phases. 

Arc melting of the constituent Y, Fe, and Ga elements in a 4:1:12 ratio resulted in a mixture 

of Y4FeGa12 and YGa6.  In contrast, heating these elements in a 4:1:12 molar ratio in an 

induction furnace and subsequently annealing with a “seed crystal” of Y4FeGa12 and excess Ga 

at 1423 K for 48 h, followed by slow cooling to 773 K at a rate of 5 K/h, resulted in an ca. 80 % 

yield of the cubic Y4FeGa12 phase.  The seed crystal method was also used to synthesize single 

crystals of Tb4FeGa12, Dy4FeGa12, Ho4FeGa12, and Er4FeGa12, with yields of 90, 80, 70, and 60 
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%, respectively.  The cubic crystals obtained from the seed growth had a maximum volume of 9 

mm
3
; a picture of crystals of Dy4FeGa12 grown in a gallium flux is shown in Figure 4.1.  We 

were able to grow polycrystalline samples of Tm4FeGa12 by using an induction furnace. 

However single crystals were not of sufficient quality or suitable for structural analysis or 

property measurements.  Furthermore the yield is not adequate for measurements. Attempts to 

grow single crystals of Yb4FeGa12 resulted in the synthesis of the binary YbGa4. 

Multiple single crystals of Ln4FeGa12 were selected for characterization by single crystal x-

ray diffraction and magnetization measurements.  Further, several single crystals of Ln4FeGa12 

were ground and used for the Mössbauer spectral study. The homogeneity of the compounds was 

checked by powder x-ray diffraction.  

 

 

 

 

 

 

 

4.2.2  Single Crystal X-ray Diffraction 

Crystal fragments with dimensions of ca. 0.05  0.05  0.05 mm
3
 were manually selected 

with an optical microscope for structural analysis.  The crystals were glued onto a glass fiber and 

mounted on a Nonius Kappa CCD diffractometer that used 0.71073 Å Mo K  radiation. 

Structural and refinement parameters are given in Table 4.1.  The structure of Ln4FeGa12 where 

Ln is Y, Tb, Dy, Ho, and Er, was solved by direct methods using SHELXS97 and refined using 

SHELXL97;
11

 the model of the refined structures were compared with that of the parent 

 

Figure 4.1  Photograph of crystals of Dy4FeGa12 grown with Ga flux.   
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compound Y4PdGa12.
12

  After refinement, the data were corrected for extinction effects and the 

displacement parameters were refined anisotropically.  Table 4.2 gives the atomic positions and 

thermal displacement parameters for the above compounds.  Additional information in CIF 

format is provided as supporting information. 

Table 4.1  Crystallographic Parameters for Ln4FeGa12 (Ln = Y, Tb, Dy, Ho, Er) 
Compound  Y4FeGa12  Tb4FeGa12 Dy4FeGa12 Ho4FeGa12 Er4FeGa12  

Space Group  m3Im   m3Im   m3Im   m3Im   m3Im   
a (Å)   8.5650(4)  8.5610(4)  8.5350(3)   8.5080(3)  8.4720(4)  

V (Å3)   628.32(5)  627.44(5)   621.74(4)  615.86(4)  608.08(5) 

Z   2  2  2  2  2   

Crystal Dimensions (mm
3
) 0.05x0.05x0.5 0.05x0.05x0.05 0.05x0.05x0.05 0.05x0.05x0.05 0.05x0.05x0.05 

Temperature (K)  298(2)  298(2)  298(2)  298(2)  298(2) 

ρ (g/cm3)   6.597  8.089  8.239  8.370  8.528  

θ Range   3.36-29.86 3.37-29.88  3.38-29.98 3.39-29.85 4.81-30.45 

μ (mm-1)   44.528  48.543  50.275  52.184  54.431 

Collected reflections 294  304  295  278  164 

Unique reflections  103  108  105  107  101  

h   -11< h < 12 -11< h < 12 -11< h < 12 -11< h < 11 -12< h < 12 

k   -8<k < 8  -8<k < 8  -8< k < 8  -8<k < 8  -8<k < 8 

l   -7< l < 7  -7< l < 7  -7< l < 7  -7< l < 7  -8< l < 7 

Δρmax (eÅ
-3

)  2.605  2.641  2.906  1.513  1.108 

Δρmin (eÅ
-3

)  -1.631  -3.330  -2.307  -3.902  -2.464 

R1 (F)a   0.0382  0.0383  0.0305  0.0256  0.0200 

Rw
b   0.0655  0.0936  0.0871  0.0730  0.0588  

            

a
R

1 = Σ||Fo| - |Fc||/Σ|Fo| 
bRw = [Σ [w (Fo

2 - Fc
2)2]/ Σ [w (Fo

2)2]]1/2;  w = 1/[σ2(Fo
2) + (0.00000P)2 + 4.7941P] , w = 1/[σ2(Fo

2) + (0.0390P)2 + 7.8321P] , 

w = 1/[σ2(Fo
2) + (0.0311P)2 + 17.4653P] , w = 1/[σ2(Fo

2) + (0.0138P)2 + 20.5004P] , w = 1/[σ2(Fo
2) + (0.0226P)^2^+37.3517P] 

for Y, Tb, Dy, Ho and Er  respectively 

 

Table 4.2  Atomic Positions and Thermal Parameters for Ln4FeGa12 (Ln = Y, Tb-Er)  

 
Atom  Wyckoff site x  y  z  Ueq (Å

2
) a 

Y4FeGa12 

Y1   8c  ¼  ¼  ¼  0.0070(4)   

Fe1   2a  0  0  0  0.0128(10)   

Ga1   12d  ¼  0  ½   0.0128(7)   

Ga2   12e  0.2848(3)  0  0  0.0154(9)   

  

Tb4FeGa12 

Tb1   8c  ¼  ¼  ¼  0.0074(6)   

Fe1   2a  0  0  0  0.0124(12)   

Ga1   12d  ¼  0  ½   0.0127(10)   

Ga2   12e  0.2845(6)  0  0  0.0158(13)   

  
Dy4FeGa12  

Dy1   8c  ¼  ¼  ¼  0.0051(5) 

Fe1  2a  0  0  0  0.0148(15) 

Ga1   12d   ¼  0  ½    0.0109(10) 

Ga2   12e  0.2828(4) 0  0  0.0184(13) 
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Table 5.2 cont 

 

Ho4FeGa12 

Ho1   8c  ¼  ¼  ¼  0.0082(5)   

Fe1   2a  0  0  0  0.0208(14)   

Ga1   12d   ¼  0  ½   0.0128(9)   

Ga2   12e   0.2814(4) 0  0  0.0237(12)   

  

Er4FeGa12  

Er1   8c  ¼  ¼  ¼  0.0079(5) 

Fe1  2a  0  0  0  0.042(4) 

Ga1   12d  ¼  0  ½    0.031(3) 

Ga2   12e  0.2617(17) 0  0  0.050(3) 
aUeq is defined as one-third of the trace of the orthogonalized Uij tensor 

4.2.3  Physical Property Measurements 

Magnetic measurements on single crystals of Ln4FeGa12 were performed by using the 

extraction magnetometer in a Quantum Design Physical Property Measurement System.  The 

samples were held in place with Kapton tape.  The magnetic properties have been measured after 

zero field cooling to 2 K and subsequent warming to 310 K in an applied field of 0.1 T followed 

by field cooling from 310 to 2 K over a period of approximately 12 hours.  No significant 

difference was noted in the zero field cooled warming results and the field cooled results and the 

two data sets have been merged to obtain the results presented herein.  

The four-probe method was used to measure the electrical resistivity of single crystals of 

Ln4FeGa12 with a Quantum Design Physical Property Measurement System at ambient pressure. 

Two-mil diameter platinum leads were attached to the surface of the single crystals using silver 

epoxy and resistivity measurements were obtained from 2 to 290 K. 

The Mössbauer spectra were measured between 4.2 and 295 K in a Janis Supervaritemp 

cryostat with a constant-acceleration spectrometer which utilized a rhodium matrix cobalt-57 

source and was calibrated at 295 K with -iron powder.  The Mössbauer spectral absorbers 

contained 26 mg/cm
2
 of Y4FeGa12 or 20 mg/cm

2
 of Tb4FeGa12, Dy4FeGa12, or Er4FeGa12 powder 

mixed with boron nitride.  The quoted errors for the Mössbauer spectral parameters are the 

relative statistical errors; the absolute errors are approximately twice as large. 
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4.3  Results  

4.3.1  Crystal Structures 

The Ln4FeGa12 compounds, where Ln is Y, Tb, Dy, Ho, and Er, crystallize in the cubic Y4PdGa12 

structure, with the m3Im , number 229, space group.
12

  The crystal structure of Tb4FeGa12, as is 

shown in Figure 4.2, consists of face sharing TbGa3 cuboctahedra with corner sharing FeGa6 

octahedra. Selected bond distances in the Ln4FeGa12 compounds are given in Table 4.3.  The Fe–

Ga2 interatomic distances are ca. 2.4 Å for all compounds, a distance that is only slightly smaller 

than the sum of the respective iron and gallium atomic radii of 1.24 and 1.22 Å, respectively.
14

 

The Ln–Ga6 cuboctahedra in Ln4FeGa12 have six Ln–Ga1 and six Ln–Ga2 interatomic distances 

of ca. 3.0 Å, see Table 4.3.  These values are only slightly shorter than the sum of the atomic 

radii of the respective rare earth and gallium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2  The crystal structure of Ln4FeGa12, where Ln may be Y, Tb, Dy, Ho, or Er. 

The Ln, Fe, and Ga atoms are shown in grey, orange, and green, respectively. 
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Table 4.3  Selected Interatomic Distances (Å) for Ln4FeGa12 (Ln = Y, Tb, Dy, Ho, Er) 

Metal bond Y4FeGa12 Tb4FeGa12 Dy4FeGa12 Ho4FeGa12 Er4FeGa12 

Ln cuboctahedra      

Ln1–Ga1 3.02818(14) 3.02677(14) 3.01758(11) 3.00803(11) 2.99530(14) 

Ln1–Ga2 3.0428(3) 3.0416(4) 3.0305(4) 3.0199(4) 2.9969(5) 

Ga1–Ga2 2.8255(15) 2.823(2) 2.827(2) 2.825(2) 2.927(13) 

Fe octahedra      

Fe–Ga2 2.439(2) 2.440(4) 2.413(4) 2.394 (4) 2.216(18) 

 

4.3.2  Magnetic Properties  

The magnetic properties of the Ln4FeGa12 compounds have been measured after zero field 

cooling to 2 K and subsequent warming to 310 K in an applied field of 0.1 T followed by field 

cooling.  No significant difference was observed in the zero field cooled and the field cooled 

results indicating the absence of any magnetic spin-glass freezing above 2 K; the zero field 

cooled and the field cooled results have been merged to obtain the results presented below.  

The magnetic susceptibilities, M/H, of the Ln4FeGa12 compounds have been corrected for the 

diamagnetic contribution to the susceptibility by using Pascal’s constants, see Table 4.4.  For all 

the compounds the inverse molar magnetic susceptibility has been fit with the Curie-Weiss law 

over the temperature range given in Table 4.4.  More specifically, for these fits, 1/ = aT + b, 

where a is 1/C, C is the Curie constant, and  the Weiss temperature, is –b/a. The resulting C 

and  values and the corresponding effective magnetic moments, eff, obtained from C are given 

in Table 4.4. 

To a first approximation, the expected eff for the four rare-earth containing compounds can 

be considered to arise from the sum of the moments of four Ln(III) ions and one Fe(III) ion and, 

in this case, eff = 4 Ln

2

Fe

2
.  In this approximation only the lowest energy, largest value, rare-

earth J state is assumed to be populated.  If the Fe(III) is assumed to be high-spin, its spin-only 
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effective magnetic moment is 5.916 µB.  The expected eff values obtained with these 

assumptions for four Ln(III) and one Fe(III) ions are given in Table 4.5, where the differences 

between the expected and observed values are also given.  With the exception of Dy, all the 

observed eff values are smaller than the expected calculated values.  Because the assumption 

that the iron is high-spin iron(III) may be invalid in these intermetallic compounds, the iron eff 

of 3.834 µB, obtained for Y4FeGa12, has been used to recalculate the expected eff, see the 

seventh column in Table 4.5; the difference between the expected and observed values are given 

in the last column of Table 4.5. Even when using this smaller iron magnetic moment, all the 

differences are negative except for Dy4FeGa12 and Ho4FeGa12; in the latter case the difference is 

very small.  As the temperature increases, the somewhat higher energy, but smaller value, J 

states will be populated and eff would be expected to decrease.  The small thermal population of 

these higher energy, smaller value, J states will also introduce a small non-linearity to the inverse 

susceptibility, a non-linearity that is to some extent observed.  Fits of the inverse molar magnetic 

susceptibility for all four of the rare-earth containing compounds at temperatures above 250 K 

yield slightly lower Curie constants and hence eff values. 

 

Table 4.4. Curie-Weiss Law Derived Magnetic Properties 

Compound M
dia

, 

emu/mol 

Temperature 

 range, K 

, 

K 

C, 

emuK/mol 

eff,
a
 

B 

Y4FeGa12 –0.000154 –276.0 1.84 3.83 

Tb4FeGa12 –0.000182 –52.1 47.84 19.56 

Dy4FeGa12 –0.000182 –29.0(1) 65.26(2) 22.85(1) 

Ho4FeGa12 –0.000182 –20.8 59.07 21.74 

Er4FeGa12 –0.000178 –11.1 46.83 19.35 
a
The effective magnetic moment obtained from the Curie constant, C, and 

uncorrected for the  value. 
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Table 4.5. Expected and Observed Magnetic Properties Based on Curie-Law Behavior 

Ln(III) Ground 

state 

eff, B 

observed 

eff, B, calc 

per Ln(III) 

eff,
 

B, calc 

 per Ln(III)4Fe(III) 

Difference,, 

B 

eff,
 

B, calc 

per Ln(III)4Fe(Y) 

Difference,, 

B 

Y 1
S0

 
3.83 0 5.92 –2.09 3.83 0 

Tb 7
F6 19.56 9.72 20.32 –0.76 19.82 –0.26 

Dy 6
H15/2 22.85 10.64 22.10 +0.75 21.63 +1.22 

Ho 5
I8 21.74 10.61 22.02 –0.28 21.56 +0.18 

Er 4
I15/2 19.35 9.58 20.05 –0.70 19.54 –0.19 

 

The temperature dependence of the molar magnetic susceptibility of Y4FeGa12, measured in an 

applied dc field of 0.1 T, is shown in Figure 4.3 and the analogous T plot is shown in the inset 

to this figure.  At first one might think that the single iron in Y4FeGa12 is undergoing long-range 

magnetic order below ca. 36 K.  But this is not the case as is indicated by the rapid decrease in 

T below 18 K, by the small magnitude of the molar magnetic susceptibility below 36 K, by 

the large minimum Fe–Fe separation of 7.4175(4) Å along the body-diagonal of the unit cell, and 

by the Mössbauer spectra, to be discussed below.  Rather it seems that below ca. 36 K the 

independent iron moments are simply polarized, i.e., aligned by the applied dc field of 0.1 T. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3  The temperature dependence of the molar magnetic susceptibility of  Y4FeGa12 

measured in a 0.1 T applied dc field. Inset: The temperature dependence of M T.  
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A semi-logarithmic plot of the temperature dependence of the molar magnetic susceptibility 

of the rare-earth containing Ln4FeGa12 compounds is shown in Figure 4.4a.  All of these rare-

earth containing compounds display an antiferromagnetic-like behavior with a maximum in the 

susceptibility at 25, 18.5, 9, and 6 K for the Tb, Dy, Ho, and Er compounds, respectively.  This 

antiferromagnetic-like behavior results from the antiferromagnetic ordering of the Ln magnetic 

moments.  However, unlike the molar magnetic susceptibility of a typical antiferromagnetic 

compound and, with the exception of Er4FeGa12, the molar susceptibility does not monotonically 

decrease at temperatures below the maximum, but rather remains constant at some value at or 

below that of its maximum.  This constant susceptibility at lower temperatures could be the result 

of spin-canting, but this seems unlikely in an applied field of only 0.1 T.  Thus we believe the 

susceptibility becomes approximately constant below the maximum because of the presence of 

the iron moment which may well be frustrated in the presence of the surrounding 

antiferromagnetically ordered rare-earth sublattices. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4a  A semi logarithmic plot of the temperature dependence of the molar magnetic 

susceptibility of the Ln4FeGa12 compounds measured in a 0.1 T applied dc field. 
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Ideally, one would like to subtract the molar magnetic susceptibility of Y4FeGa12 from those 

of the rare-earth Ln4FeGa12 compounds in order to obtain the temperature dependence of the 

contribution of the rare-earth magnetic ions to the molar magnetic susceptibility.  But, rather 

surprisingly, the 2 K magnetic susceptibility observed for the Ln4FeGa12 compounds is 

somewhat smaller than that of Y4FeGa12.  Hence below 60 K, a 0.45, 1.53, 2.01, and 0.20 portion 

of the molar magnetic susceptibility of Y4FeGa12 has been subtracted from the molar 

susceptibility of the Tb, Dy, Ho, and Er, compounds, respectively.  The subtraction of the 

Y4FeGa12 leads to a temperature dependence of the magnetic susceptibility that closely 

resembles that expected for the antiferromagnetic coupling of the Ln magnetic moments, with 

Néel temperatures, TN, of 25, 44, 45, and 8 K, for the Tb, Dy, Ho, and Er compounds, 

respectively.  The result of this subtraction is shown in Figure 4.5 for Tb4FeGa12.  The various 

portions used in the subtraction may be a reflection of how frustrated are the iron moments, or of 

how extensively coupled are the rare-earth moments, or both.  In this regard, it should be noted 

that the two compounds with the lower TN values, i.e., Tb4FeGa12 and Er4FeGa12, have the 

smallest contribution from the iron to their molar magnetic susceptibilities. 

 

 

 

 

 

 

 

 

 
 

Figure 4.4b  The temperature dependence of the magnetic susceptibility of Er4FeGa12  

measured at 0.1 T, solid points, and 5 T, larger open points. Inset: The temperature  

dependence between 3 and 30 K. 
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The temperature dependence of the magnetic susceptibility of Er4FeGa12, measured in 

applied dc fields of 0.1 and 5 T, is shown in Figure 4.4b. In an applied field of 0.1 T, below a TN 

of 8 K, the susceptibility decreases as expected for an antiferromagnet, whereas in an applied dc 

field of 5 T, the susceptibility increases as a result of a spin-flop transition. 

There is an good linear correlation between the Weiss temperature, , and the de Gennes 

factor, (g – 1)
2
J(J + 1), for the rare-earth Ln4FeGa12 compounds, a correlation that indicates that 

the molar magnetic susceptibility is dominated by the Ln sublattice. 

The field dependence of the 3 K magnetization of the rare-earth Ln4FeGa12 compounds is 

shown in Figure 4.6. The magnetization of Dy4FeGa12 increases linearly up to 9 T, in a fashion 

similar to that observed in Dy4PtGa12 and Dy4PdGa12.
6
  Below the critical fields of 6.5, 6, and 1 

T, the magnetizations of Tb4FeGa12, Ho4FeGa12, and Er4FeGa12 increase linearly with the applied 

field, as would be expected for an antiferromagnetic compound whose magnetic moments are 

 

Figure 4.5  The temperature dependence of the molar magnetic susceptibility of Tb4FeGa12  

before, the green points, and after, the green line, subtraction of a 0.45 fraction of the molar  

magnetic susceptibility of Y4FeGa12, the black line. 
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progressively polarized by the applied field.  At the critical fields, metamagnetic transitions 

occur, and in Tb4FeGa12 the metamagnetic transition is hysteretic between 7 and 8 T; above 8 T 

the magnetization is virtually saturated.  In Ho4FeGa12 the magnetization increases noticeably at 

the metamagnetic transition and more slowly, without saturating, above 7 T.  In Er4FeGa12 the 

magnetization increases substantially at the ca. 1 T metamagnetic transition and continues to 

increase without saturation even at 9 T.  We propose that at the metamagnetic transition the Ln 

magnetic moments cant in the applied field and this canting angle decreases as the field is further 

increased up to 9 T.  Even in a large field of 9 T the moments are not perfectly aligned in the 

applied field and the magnetization is not saturated. 

 

 

 

 

 

 

 

 

 

 

 

4.3.3  Resistivity Measurements 

The temperature dependence of the electrical resistivities of the Ln4FeGa12 compounds is 

shown in Figure 4.7.  All the compounds show metallic behavior with increasing resistivity as 

the temperature increases.  The residual resistivity ratios, (295 K)/ (2 K), are 2.6, 2.7, 2.0, 1.9, 

 
Figure 4.6  The field dependence of the magnetization of the Ln4FeGa12 compounds  

measured at 3 K.  
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and 1.9, for the Y, Tb, Dy, Ho, and Er compounds, respectively, similar ratios that indicate that 

the crystal quality of the compounds is similar.  Changes in the slope are observed near the 

ordering temperature, a change that is most obvious in Tb4FeGa12 at ca. 25 K; variations in the 

slope suggest that the spin-disorder scattering changes at or below the ordering temperature.  The 

magnetoresistance of the Ln4FeGa12 compound containing Y, Tb, Dy, and Ho, displays a positive 

behavior at low temperature but do not exceed 15 %.  The magnetoresistance of Er4FeGa12 

displays a negative behavior with a small value of –0.2 % at 9 T. 

 

 

 

 

 

 

 

 

 

 

4.3.4  Mössbauer Spectra  

Selected iron-57 Mössbauer spectra of the Y4FeGa12, Tb4FeGa12, Dy4FeGa12, and Er4FeGa12 

compounds, obtained between 4.2 and 295 K, are shown in Figure 4.8.  The solid red lines in 

Figure 4.8 are the result of a single line fit (model 1) and the resulting isomer shifts, , and line 

widths, , are given in Table 4.6; their temperature dependence is shown in Figure 4.9. T he 

single line fit and the absence of any quadrupole splitting is consistent with the cubic symmetry 

of the iron 2a site in the structure of these compounds. 

 

Figure 4.7  The temperature dependence of the electrical resistivity of the Ln4FeGa12  

compounds. 
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Table 4.6. Mössbauer Spectral Parameters for the Model 1 Fits 

T, K Isomer shift,
a
 mm/s  Line width, mm/s 

 Y Tb Dy Er  Y Tb Dy Er 

295 0.413(1) 0.415(2) 0.424(2) 0.403(3)  0.298(4) 0.296(7) 0.314(5) 0.36(1) 

155 0.500(1) 0.489(3) 0.486(2) 0.484(3)  0.284(2) 0.30(1) 0.314(5) 0.37(1) 

85 0.532(2) 0.525(2) 0.511(1) 0.514(3)  0.292(5) 0.299(5) 0.311(1) 0.361(5) 

60 0.527(2) 0.529(2) 0.512(3) 0.504(3)  0.275(5) 0.297(5) 0.32(1) 0.35(1) 

40 0.529(1) 0.526(2) 0.511(4) 0.504(4)  0.276(2) 0.287(6) 0.31(1) 0.35(1) 

30 0.530(3) - - -  0.287(8) - - - 

20 0.526(1) 0.524(3) 0.505(3) 0.504(4)  0.336(3) 0.324(9) 0.32(1) 0.39(1) 

10 0.528(1) 0.533(1) - -  0.390(4) 0.338(2) - - 

4.2 0.529(2) 0.524(3) 0.509(4) 0.502(4)  0.406(5) 0.342(9) 0.34(1) 0.39(1) 
aRelative to 295 K -iron powder. 

 

In agreement with the expected second-order Doppler shift, the temperature dependencies of the 

isomer shifts are well fit with the Debye model for a solid,
16

 see the solid lines in Figure 4.9, left 

panel.  The characteristic Mössbauer temperatures corresponding to these fits are 457(19), 

406(26), 610(35), and 499(20) K, for Y4FeGa12, Tb4FeGa12, Dy4FeGa12, and Er4FeGa12, 

 

Figure 4.8  The iron-57 Mössbauer spectra of the Ln4FeGa12 compounds obtained at the  

indicated temperatures. The solid red  line is the result of a single line fit.  
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respectively.  Except for Dy4FeGa12 these temperatures are only somewhat above the range of 

265 to 410 K observed
17,18

 for several Ln2Fe17 and LnCo4–xFexB compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two different temperature dependencies of the line width, , are observed, see Figure 4.9. 

Below 40 K the line width observed for Y4FeGa12 increases significantly upon cooling.  In 

contrast, below 40 K the line width observed for Tb4FeGa12, Dy4FeGa12, and Er4FeGa12 increases 

only slightly upon cooling.  This different behavior may be related to the differences in the 

magnetic properties of Y4FeGa12 as compared to those of Tb4FeGa12, Dy4FeGa12, and Er4FeGa12. 

The molar magnetic susceptibility of Y4FeGa12 increases continuously below 36 K in a 

ferromagnetic-like fashion, see Figure 4.3, whereas those of Tb4FeGa12, Dy4FeGa12, and 

Er4FeGa12 exhibit maxima at 26, 18.5, and 6 K, respectively, see Figure 4.4.  As a consequence, 

the Mössbauer spectra of Y4FeGa12 obtained below 60 K have alternatively been fit with one 

 

Figure 4.9  The temperature dependence of the isomer shift, left, and of the line width,  

right, for the Ln4FeGa12 compounds.  
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symmetric sextet, herein referred to as model 2, with a line width constrained to 0.275 mm/s, the 

value obtained with model 1 at 60 K; the resulting isomer shifts and hyperfine fields are given in 

Table 4.7. It should be noted that the isomer shift is independent of the model used. 

Table 4.7. Mössbauer Spectral Parameters for the Model 2 Fits 

T, K Isomer shift,
a
 mm/s  Hyperfine field, T 

 Y Tb Dy Er  Y Tb Dy Er 

40 0.529(1) - - -  0.18(4) - - - 

30 0.530(3) - - -  0.28(6) - - - 

20 0.526(1) 0.525(3) 0.505(3) -  0.49(1) 0.38(5) 0.33(6) - 

10 0.527(1) 0.533(3) - -  0.71(1) 0.47(3) - - 

4.2 0.530(2) 0.523(3) 0.509(4) 0.502(4)  0.76(1) 0.48(4) 0.40(6) 0.44(6) 
a
Relative to 295 K -iron powder. 

 

 

 

 

 

 

 

 

 

 

The temperature dependence of the hyperfine field is shown in Figure 4.10.  The 4.2 K 

hyperfine field of 0.76(1) T is very small, and if the usual conversion factor of 15 T per µB is 

used, this field corresponds to an iron magnetic moment of 0.05 µB, a value that is smaller than 

the value of 0.13 µB observed at 3 K in a field of 0.03 T.  A fit with model 2 of the Mössbauer 

 

Figure 4.10  The temperature dependence of the hyperfine field in Y4FeGa12  

obtained from a sextet fit with model 2.  
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spectra of the Ln4FeGa12 compounds, where Ln is Tb, Dy, or Er, below their respective Néel 

temperature, yields the parameters given in Table 4.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The temperature dependence of the logarithm of the spectral absorption area for the 

Ln4FeGa12 compounds containing Y, Tb, Dy, and Er, is shown in Figure 4.11. The solid lines are 

the result of a fit with the Debye model for the lattice vibrations.  The resulting Debye 

temperatures are 350(20), 331(19), 239(5), and 345(14) K for Y, Tb, Dy, and Er, respectively. 

These Debye temperatures are related to the mean-square vibrational displacements of the iron 

nuclei in the lattice, whereas the Mössbauer temperatures obtained from the fit of the 

temperature dependence of the isomer shifts are related to the mean-square vibrational velocities 

of the iron nuclei.  There is no model-independent relation between these two temperatures, and 

it is usual to observe larger Mössbauer temperatures than Debye temperatures, because the 

 
Figure 4.11  The temperature dependence of the logarithm of the spectral absorption area  

for the Ln4FeGa12 compounds, with Ln = Y, Tb, Dy and Er. The blue solid lines are the  

result of a fit with the Debye model for the lattice vibrations. For Y4FeGa12, only the areas  

obtained above 60 K are used in the fit. 
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former probe the high-frequency phonons, whereas the latter probe the low-frequency phonons. 

In the case of the Ln4FeGa12 compounds, the Mössbauer temperature is approximately 1.5 times 

the Debye temperature, a factor that is smaller than observed
19,20

 in organometallic compounds. 

4.4  Discussion 

We can rationalize the magnetic behavior of Y4FeGa12 as follows. The shortest iron-iron 

distance in Y4FeGa12 is 7.4175(4) Å, which is the half diagonal of the cubic unit cell, a diagonal 

that passes through a yttrium near neighbor.  The next shortest iron-iron distance in Y4FeGa12 is 

8.5650(4) Å, the edge of the unit cell that passes through two gallium near neighbors.  Neither of 

these exchange pathways is favorable for ferromagnetic exchange coupling.  Hence, there is no 

magnetic exchange coupling between the iron atoms, that may be considered as isolated.  The 

absence of coupling is supported by the only broadened single line Mössbauer spectra observed 

from 295 to 4.2 K.  The broadening of the single line observed below 36 K does not result from 

ordered magnetic moments carried by the iron atoms but from the slow magnetic relaxation of 

the iron magnetic moments on the Mössbauer time scale of 5 x 10
-8

 s, a slow relaxation that 

tends to align the iron magnetic moments along their single-ion anisotropy axis.  Hence, the 

fitted hyperfine field of 0.76 T in model 2 should be understood as an effective field.  In the 

applied dc field of 0.1 T used in the magnetic measurements, the iron magnetic moments align in 

the field and a ferromagnetic-like contribution to the magnetic susceptibility is observed.  

The broadening of the single line Mössbauer spectra observed in the Ln4FeGa12 compounds, 

when Ln is Tb, Dy, and Er, or the associated extremely small hyperfine fields, may be 

understood if the eight rare-earth ion near neighbors of the iron are antiferromagnetically 

coupled and create a zero or nearly zero transferred hyperfine field at the iron nucleus.  In this 

case, the iron magnetic moments are randomly oriented as they would be in a paramagnetic 

compound, and a narrow single line Mössbauer spectrum is observed. 
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The isomer shifts observed herein are between 0.50 and 0.53 mm/s at 4.2 K and ca. 0.40 

mm/s at 295 K. In the Ln2Fe17,
21-24

 LnFe11Ti,
25

 and LnCo4–xFexB
26,27

 compounds, the isomer 

shifts are in the range of zero to 0.2 mm/s at 4.2 K. In contrast, for both iron in a gallium host
16

 

and for the iron  in Fe3Ga4,
28

 the isomer shifts are significantly more positive, i.e., 0.50 mm/s and 

0.31 mm/s at 4.2 and 295 K, respectively.  In all the gallium containing compounds, the iron 

atoms have gallium near neighbors and share their 3d electrons with these gallium near 

neighbors.  This 3d electron sharing increases the isomer shift and gives an iron(III)-like 

character to the iron atoms in the Ln4FeGa12 compounds.  The isomer shift decreases from Y to 

Er in agreement with the lanthanide contraction and the decrease in the unit-cell lattice 

parameter. 
 

4.5  Conclusion 

Single crystals of Ln4FeGa12, where Ln is Y, Tb, Dy, Ho, and Er, have been synthesized and 

their structural, magnetic, and electric properties have been investigated between 3 and 320 K. 

The iron-57 Mössbauer spectra have also been obtained between 4.2 and 295 K.  

Y4FeGa12 exhibits slow paramagnetic relaxation of the well isolated iron magnetic moment 

on the Mössbauer time scale below 40 K in a zero applied field and an alignment of the iron 

magnetic moment below 36 K in an applied dc field of 0.1 T in the magnetic susceptibility 

measurements.  The rare-earth containing  Ln4FeGa12 compounds exhibit an antiferromagnetic 

behavior of the rare-earth magnetic moments with Néel temperatures of 25, 44, 45, and 8 K, with 

no significant magnetic hyperfine field on the iron. Hence, the antiferromagnetic behavior is 

associated only with the Ln magnetic moments. 
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CHAPTER 5.  CONCLUSION AND FUTURE WORK  

5.1  Conclusion  

The aim of this dissertation is the study of the structure-property relationships in the Ln-

M-X systems (Ln = lanthanides, M = Fe and Co; X = Ga and Sn).  The main feature of the 

structures investigated is the LnX12 cuboctahedra (AuCu3 structure type),
1
 a structural unit 

observed in several heavy fermion compounds.
2
  We have synthesized single crystals of 

Ln3Co4Sn13 (Ln = Pr, Nd, Sm, Gd and Tb),
2
 Ln7Co6Sn23 (Ln = Dy and Ho),

3
 Ln5Co6Sn18 (Ln = Er 

and Tm),
3

 Yb3Co4Sn12+x (x = 0.79, 0.90), YbCoGa5
4
 and Ln4FeGa12 (Ln = Y, Tb, Dy, Ho and 

Er).
5
  Many of the compounds adopt structure types consisting of the AuCu3 substructure with 

transition metals filling the octahedral or tetrahedral holes in the structure.  In the case of the Ln-

Co-Sn compounds, LnSn12 cuboctahedra fill voids created by the arrangement of CoSn6 trigonal 

prisms.  In Ln7Co6Sn23 and Ln5Co6Sn18 the lanthanides form both LnSn12 cuboctahedra and 

LnSn10 truncated cuboctahedra.   The structure of YbCoGa5 consists of YbCo3 cuboctahedra and 

CoGa2 rectangular prisms.  

We have also studied the formation of compounds as a function of rare-earth elements to 

determine their stability.  In the Ln-Co-Sn system, we observe that larger Ln (Pr-Tb) favor the 

Yb3Rh4Sn13 structure type while the smaller Ln (Dy-Tm) crystallize in the Ho7Co6Sn23 and 

Er5Rh6Sn18 structure types.
3
  With the exception of the Pr analogue, the compounds that 

crystallize in the Yb3Rh4Sn13 structure type display antiferromagnetic behavior with their Neel 

temperatures following de Gennes factor with a maximum at Gd3Co4Sn13.
2
  Apart from 

Dy7Co6Sn23 the compounds containing the latter Ln (Ho-Tm), all display paramagnetic behavior 

with Weiss temperatures close to zero.  The lattice parameter and cell volume of Yb3Co4Sn12+x 

suggest that the oxidation state of Yb is close to +2, allowing a larger rare earth analogue to 
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adopt the Yb3Rh4Sn13 structure type.  Understanding specific structural stabilities and the 

coordination preferences of constituent elements enables the target synthesis of specific 

compounds.  Our goal is to bridge the gap between specific structure types, the elements present 

in these compounds, and understanding their electronic and magnetic properties. 

We have also studied the incorporation of magnetic transition metals (Fe and Co) into 

known ternary intermetallic structure types to determine the effects of their physical properties.  

We have synthesized Ln4FeGa12 compounds for Ln = Y, Tb-Er.  For the compounds where Ln is 

a magnetic lanthanide, an antiferromagnetic transition is observed.  The Néel temperature and 

Weiss temperature scale well with the de Gennes factor indicating strong RKKY interaction in 

these compounds.  The scaling coincides with the decrease in volume from Tb-Er.  Interestingly 

the compound containing the nonmagnetic lanthanide Y, displays ferromagnetic behavior at 33 

K, despite the observation that the Fe sublattice in the Ln = Tb-Er appears nonmagnetic.  

During our investigating of Ln-M-Ga compounds, we have discovered that the stability of 

certain structure types depend on the size of the constituent elements and the stable binary 

impurities that can grow these systems. In the Ln-Fe-Ga system, we have found that the 

Y4PdGa12 structure can only be synthesized for compounds that contain small rare-earth 

elements, i.e. Tb-Tm.  Coincidentally the stable Ln-Ga binary for small rare-earths is LnGa3 

(AuCu3 structure type) and the incorporation of Fe into the system leads to the formation of 

Ln4FeGa12.  The structure of Ln4FeGa12 consists of consists of LnGa12 cuboctahedra and FeGa6 

octahedra.  For larger rare-earths such as Ce, the stable product is CeGa6 or variants of this 

structure type.  It would be useful to perform in-situ powder X-ray diffraction experiments of the 

Ln-Fe-Ga phase.  This would give an insight into crystal structure formation and the growth and 

synthesis of ternary phases.  It is also worthwhile to note that a stable binary in the Ln-Sn system 
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is LnSn3 (AuCu3 structure type) of which Ln3Co4Sn13, Ln7Co6Sn23 and Ln5Co6Sn18 are 

derivatives.   

5.2  Future Work  

As stated earlier, our goal is to explore ternary intermetallic systems with a specific structure 

type.  Some structure types explored in our group include the HoCoGa5,
6
 Ho2CoGa8,

6
 

Yb3Rh4Sn13
7
 and the Y4PdGa12

8
 structure types.  Some compounds that adopt the 

aforementioned structure types also display the coexistence of heavy fermion behavior and 

superconductivity.  While exploring the Yb-Co-Ga system we have synthesized single crystals of 

YbCoGa5,
4
 a compound not previously reported in the LnnCoGa3n+2 ( n = 1, 2, ∞; Ln = Gd-Tm, 

Lu and Y) family.
6
  The isostructural compound SmCoGa5 was also recently synthesized.

9
  The 

discovery of the Yb and Sm compounds opens the possibility of discovery of other lanthanide 

based compounds in this family i.e. Yb2CoGa8, Sm2CoGa8 and Eu2CoGa8.  Lapunova et al. 

reported the structure of Ln2FeGa8 with Ln = Tb-Tm.
10

  Co with an atomic radius of 1.25 Å
11

 and 

Fe with 1.24 Å
11

 are both transition metals that can be incorporated in the LnnMGa3n+2 structure 

type.  Using our expertise for growing single crystals it would be worthwhile to explore the Ln-

Fe-Ga system to try and synthesize single crystals of YbFeGa5 and Yb2FeGa8.  We could arc 

melt the constituent elements in a specific ratio (1:1:5 or 2:1:8) and use a seed of a Yb-Fe-Ga 

ternary to attempt to grow single crystals of YbFeGa5 and Yb2FeGa8.   

The effect of pressure on the interplay between magnetism and superconductivity was 

studied on CenRhIn3n+2 (n = 1, 2).
12, 13

  The application of hydrostatic pressure was found to 

induce superconductivity in the above compounds.  The effects of chemical pressure by doping 

were studied on YbCu2Si2.
14

  Upon the substitution of Cu with Ni, the nonmagnetic state of 

YbCu2Si2 was changed to a magnetic state.
14

  Although YbCoGa5 displays Pauli paramagnetic 
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behavior and Yb in the compound is divalent.
4
 It would be interesting to study the effect of 

chemical pressure on YbCoGa5 by substituting Co with Fe. 
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APPENDIX 1  INVESTIGATING THE STRUCTURE OF Ni1-xCoxGa2S4 (x = 0, 0.2, 0.3, 

0.5) AND Ni0.9Mn0.1Ga2S4 

 

A1.1  Introduction 

Two dimensional (2D) antiferromagnetic materials that have triangular lattice structures 

have been proposed as candidates for spin liquid behavior.
1
  Spin liquids are materials whose 

electrons/spins are not frozen in place at low temperatures and their spins are allowed to move 

freely.   In order for a compound to be considered as a spin liquid it should have a frustrated 

lattice with site disorder/ quantum fluctuations.
1
  Figure A1.1 shows such a triangular lattice 

system where a geometric frustrated antiferromagnet is created as a result of symmetry 

constraint.  In spin liquids, no singularity is observed in specific heat measurements at low 

temperatures and the specific heat data should also show a power-law behavior with the absence 

of long range magnetic ordering.
1
  Considerable research has been undertaken on geometric 

frustrated 2D antiferromagnetic compounds but only a few of them do not exhibit long range 

order.  Some frustrated antiferromagnets that have been proposed as candidates for spin liquid 

behavior include 
3
He layered film,

2, 3
 SrCr9pGa12-9PO19,

4
 Cs2CuCl4,

5
 NiGa2S4,

6
 and the organic 

compound κ-(BEDT-TTF)2Cu2(CN)3.
7
 

 

  

 

 

 

 

 

 

Figure A1.1  Projection of a geometric frustrated triangular lattice.  The arrows represent 

magnetic spins and the red dots represent lattice points. 
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NiGa2S4 is a two dimensional layered compound and can be viewed as slabs of NiS2 

layers sandwiched between two GaS layers.
8
  Each layer is separated from another by weak van 

der Waals forces.  The Ni
2+

 ions with the electronic configuration t2g
6
eg

2
 and spin S = 1 are 

responsible for magnetism in the compound.  The Ni
2+

 ions are arranged in a triangular lattice in 

the structure making it a candidate for geometric frustration.  Although NiGa2S4 is a bulk 2D 

antiferromagnet with an exact triangular lattice no spin glass ordering has been observed down to 

low temperature.
6
  

 To understand the mechanisms in spin liquids, researchers have studied the effects of 

frustration and disorder at low temperature in these compounds.  However in most spin glasses, 

geometric frustration is induced by disorder.
1
  To understand the stability of the 2D coherent 

behavior in the NiGa2S4, Nakatsuji et al grew single crystals of the isostructural compound 

FeGa2S4.
9
  Several similarities between NiGa2S4 and FeGa2S4, (both have a trigonal lattice and 

display T
2
 dependence of CM) suggest that both compounds have the same mechanism for 2D 

coherent behavior.
9
  The non magnetic impurity Zn

2+ 
(S = 0) as well as the magnetic impurity 

Fe
2+

 (S = 2) have been introduced into the crystal structure of NiGa2S4 and still display T
2
 

dependent CM.
10

  However when Co
2+ 

(S = 3/2)  and Mn
2+

(S = 5/2)  are substituted into NiGa2S4, 

an emergences of a spin glass phase is observed.
11

  The purpose of this work is the full structure 

determination of Co and Mn doped NiGa2S4 single crystals to confirm composition and study the 

role of the transition metal on the spin glass phase observed in the doped compounds.  Results 

obtained from single crystal XRD can also be used to determine the angles of superexchange 

pathways to determine if the Co concentration maybe the origin of enhancement of Weiss 

temperature observed in Co doped samples.  
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A1.2  Single Crystal X-ray Diffraction 

Crystal fragments with maximum dimensions of ~ 0.03 x 0.08 x 0.08 mm
3
 were 

mechanically selected for the structural analysis of Ni1-xCoxGa2S4 (x = 0, 0.2, 0.3 and 0.5) and 

Ni0.9Mn0.1Ga2S4.  The crystals were glued on the tip of a glass fiber and mounted on a Nonius 

Kappa CCD diffractometer outfitted with Mo Kα radiation (λ = 0.71073Å).  Data collection was 

taken at 298 K.  Additional crystallographic parameters are included in Table A1.1.  The 

structures of Ni1-xCoxGa2S4 (x = 0, 0.2, 0.3 and 0.5) and Ni0.9Mn0.1Ga2S4 were solved using the 

model of the parent compound FeGa2S4
12

 and refined using SHELXL97.
13

  The initial refinement 

resulted in an R value of ~ 80 %.  Usually for a trigonal cell the a and b axis are well defined.  

However because of the 3-fold symmetry in the cell setting, these axis can be redefined by 

rotating the cell 60° around c.  This results in baA


, and aB


, with the c-axis remaining 

the same.  The initial data collected was indexed using the cell setting in Figure A1.2a.  This 

setting resulted in a high R value after refinement.  To correct this error, the cell was transformed 

by a 60° rotation, and thereby resulting in the cell setting shown in Figure A1.2b.   

  

 

  

Figure A1.2  (a) Projection of a trigonal lattice, showing the a and b axis. The c-axis is 

projected into the paper.  (b) Projection of the transformed trigonal cell showing the new 

axis A and B.  The c-axis remains the same. (The red dots represent lattice point) 
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After refinement the new R values obtained were 0.0598, 0.0366, 0.0304, 0.0347, 0.0269 for Ni1-

xCoxGa2S4 (x = 0, 0.2, 0.3 and 0.5) and Ni0.9Mn0.1Ga2S4 respectively.  The data were then 

corrected for extinction effects and the displacement parameters were refined as anisotropic.  A 

list of atomic positions, Wyckoff symmetry, and anisotropic displacement parameters are shown 

in Table A1.2. 

Table A1.1  Crystallographic Parameters for Ni1-xCoxGa2S4 (x = 0, 0.2, 0.3, 0.5) and 

Ni0.9Mn0.1Ga2S4  

Compound NiGa2S4 Ni0.8Co0.2Ga2S4 Ni0.7Co0.3Ga2S4 Ni0.5Co0.5Ga2S4 Ni0.9Mn0.1Ga2S4 

Space Group P-3m1 P-3m1 P-3m1 P-3m1 P-3m1 

a (Å) 3.6270(5) 3.6322(3) 3.6342(3) 3.6387(4) 3.633(2) 

c (Å) 11.9990(10) 11.9998(6) 12.0035(7) 12.0095(13) 12.013(5) 

V (Å
3
)  136.70(3) 137.102(17) 137.295(18) 137.70(3) 137.31(12) 

Z 1 1 1 1 1 

Dimensions (mm
3
) 0.03x0.08x0.08 0.03x0.08x0.08 0.03x0.05x0.08 0.03x0.08x0.05 0.05x0.05x0.05 

Temperature (K) 298(2)  298(2)  298(2)  298(2)  298(2)  

ρ (g/cm3)  3.965 3.953 3.948 3.936  3.910 

θ Range 3.40-29.90 3.40-29.89 3.39-30.01 6.48-29.97 3.39-30.02 

Collected reflections 477 511 521 423 543 

Unique reflections 185 189 190 187 199 

h -5< h < 5 -5< h < 5 -4<k < 4 -4<k < 4 -5< h < 5 

k -3<k < 3 -3<k < 3 -3<k < 3 -5< h <5 -3<k < 3  

l -14<k < 16 -16<k < 14 -16<k < 13 -16<k < 15 -16<k < 16 

Δρmax (eÅ
-3

) 3.755 0.708 0.715 2.218 0.614 

Δρmin (eÅ
-3

) -3.285 -2.859 -2.012 -1.043  -1.800 

R1 (F)
a
  0.0598  0.0366 0.0304  0.0347 0.0269 

Rw
b
 0.1503 0.0834 0.0749  0.0881 0.0623 

a
R

1 = Σ||Fo| - |Fc||/Σ|Fo| 

b
Rw = [Σ [w (Fo

2
 – Fc

2
)

2
]/ Σ [w (Fo

2
)

2
]]

1/2
;  w = 1/[σ

2
(Fo

2
) + (0.0451P)2 +3.7576P],w = 1/[σ

2
(Fo

2
) + ( 0.0338P)2 + 

0.0258P], w = 1/[σ
2
(Fo

2
) +(0.0292P)

2
 +0.3502P], w = 1/[σ

2
(Fo

2
) + (0.0308P)

2 
+0.3374P], for M* Ni1-xCox for x = 0, 

0.2, 0.3, 0.5 respectively, and w = 1/[σ
2
(Fo

2
) + (0.0347P)

2
 + 0.0621P] for Ni0.9Mn0.1Ga2S4.  

 

Table A1.2  Atomic Positions and Thermal Parameters for Ni1-xCoxGa2S4 (x = 0, 0.2, 0.3 0.5) 

and Ni0.9Mn0.1Ga2S4 

Atom  Wyckoff site x  y  z  Ueq (eÅ
2
)

 a 

NiGa2S4  

M*   1b  0  0  1/5  0.0119(9) 

Ga   2d  1/3    2/3  0.21398(16) 0.0122(8) 

S1   2d  1/3    2/3  0.8680(3) 0.0125(10) 

S2   2d  1/3    2/3  0.3985(3) 0.0101(9 
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Table 6.2 cont. 

Ni0.8Co0.2Ga2S4  

M*   1b  0  0  1/5  0.0083(4) 

Ga   2d  1/3    2/3  0.21296(5) 0.0105(4) 

S1   2d  1/3    2/3  0.86860(13) 0.0090(4) 

S2   2d  1/3    2/3  0.39790(12) 0.0083(4) 

 

Ni0.7Co0.3Ga2S4  

M*   1b  0  0  1/5  0.0088(4) 

Ga   2d  1/3    2/3  0.21211(6) 0.0112(4) 

S1   2d  1/3    2/3  0.86852(14) 0.0098(4) 

S2   2d  1/3    2/3  0.39761(13) 0.0089(4) 

  

Ni0.5Co0.5Ga2S4  

M*  1b  0  0  1/5  0.0083(4) 

Ga1   2d  1/3    2/3  0.21128(6) 0.0102(4) 

S1   2d  1/3    2/3  0.86873(16) 0.0085(5) 

S2   2d  1/3    2/3  0.39699(15) 0.0080(5) 

  

Ni0.9Mn0.1Ga2S4  

M*   1b  0  0  1/5  0.0093(4) 

Ga   2d  1/3    2/3  0.21421(4) 0.0106(3) 

S1   2d  1/3    2/3  0.86876(9) 0.0106(5)  

S2   2d  1/3    2/3  0.39850(8) 0.0101(5) 

M* = Ni1-xCox for x = 0, 0.2, 0.3, 0.5 and Ni0.9Mn0.1  

  

 
Figure A1.3  The crystal structure of NiGa2S4 showing the Ni octahedra (gold) and Ga 

tetrahedra (blue). Sulfur atoms are represented as red spheres. 
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A1.3  Structure 

Ni1-xCoxGa2S4  (x = 0, 0.2, 0.3 and 0.5) and Ni0.9Mn0.1Ga2S4 crystallize in the FeGa2S4 

structure type in the trigonal space group m13P  (No. 164).
12

  Figure A1.3 shows the structure of 

NiGa2S4 which is a two dimensional layered compound and consists of hexagonal close-packed 

sulfur atoms.
14

  The arrangement of the sulfur anions in the structure creates octahedra and 

tetrahedra holes.
14

  These holes are occupied by Ni and Ga cations, respectively.  X-rays cannot 

distinguish between Ni and Co because they are one electron apart.  However, it is reasonable to 

model Co occupying the 1b site with Ni based on bond distances.  Table
 
A1.3 shows selected 

bond distances of M-S2 (M = Ni1-xCox for x = 0, 0.2, 0.3 and 0.5).  Since Ni and Co share the 

same site one would expect an increase in the size of the octahedra in the unit cell.  For Co
2+

 

high spin (S = 3/2) in an octahedral environment, the ionic radius is 0.745 Å.
15

  Ni
2+

 in the same 

environment has an ionic radius of 0.690 Å.
15

  Thus an increase in M-S2 bond distances (Table 

A1.3) as x increases is consistent with Co and Ni sharing the same site.  Also an increase in the 

size of the octahedra results in an increase in lattice parameters and cell volume as observed from 

the single crystal X-ray results (Table A1.1).  The size of the octahedra in Ni0.9Mn0.1Ga2S4 can 

also be used to justify the substituting of Mn in the 1b site.  An increase in M-S2 distance from 

the parent compound NiGa2S4 upon the addition of low concentrations of Mn (Table A1.3) is 

observed, consistent with the ionic radius of HS Mn
2+

 with CN = 6 (0.830 Å).
15

  Photoemission 

studies on Ni0.9Mn0.1Ga2S4 confirm Mn is in the +2 state.  In order for the compound to charge 

balance Mn must occupy the same site with Ni
2+

.  
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Table A1.3  Selected Interatomic Distances (Å) for Ni1-xCoxGa2S4 (x = 0, 0.2, 0.3, 0.5) and 

Ni0.9Mn0.1Ga2S4 

 NiGa2S4 Ni0.8Co0.2Ga2S4 Ni0.7Co0.3Ga2S4 Ni0.5Co0.5Ga2S4 Ni0.9Mn0.1Ga2S4 
Ni octahedra       

M*-S2 (x 6) 2.422(2) 2.4287(8) 2.4317(8) 2.4380(9) 2.4262(11) 

Ga tetrahedra       

Ga2-S1 (x 3) 2.3138(19) 2.3142(8) 2.3107(8) 2.3101(9) 2.3223(12) 

Ga2- S2 2.214(4) 2.2192(17) 2.2266(17) 2.2303(19) 2.2139(14) 

M* = x = 0, 0.2, 0.3, 0.5 for Ni1-xCox; and Ni0.9Mn0.1 
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